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Povzetek
Dvojne zvezde predstavljajo znaten delež zvezd v vesolju, uvrščamo
pa jih tudi med zvezde posebnega tipa, kamor sicer štejemo raznolike
in manj pogoste zvezde v zanimivih kratkoživih razvojnih fazah.
Proučevanje dvojnih zvezd lahko bistveno pripomore k poznavanju
razvoja posameznih zvezd na njihovi življenjski poti, medtem ko
meritve kinematičnih in kemičnih lastnosti značilnega vzorca zvezd
naše Galaksije razkrivajo zakonitosti nastanka in razvoja galaksij. V
tem delu združujemo raziskovalna prizadevanja z več področij, na
galaktični skali preučujemo raznolike posebne tipe zvezd opazovanih
v pregledih neba Gaia-ESO in Galah, na bolj podrobnem nivoju pa
analiziramo prekrivalno dvozvezdje Tyc 5227-1023-1, k čemur nas je še
posebej motiviralo njegovo možno članstvo v Vodnarjevem zvezdnem
toku – edinstveni Galaktični strukturi.
V dobi proizvodnje ogromnih količin opazovalnih podatkov je
bistveno, da prepoznamo in razvrstimo različne posebnosti, ki jih
najdemo v opazljivkah (npr. spektrih). Tovrstna klasifikacija in ozna-
čevanje posebnosti v podatkih nam na eni strani pomaga pri izboljšavi
in zanesljivosti rezultatov dotičnih projektov, obenem pa nam nudi se-
znam zanimivih objektov, ki so vredni nadaljnjih raziskav. Z razvojem
inovativnih metod za odkrivanje in klasifikacijo posebnih tipov zvezd
smo 36,8 % od 12 392 zvezd v proučevanem vzorcu Gaia-ESO označili
za emisijske zvezde, medtem ko smo pri 14,8 % od 209 533 spektrov
vzorca Galah zaznali različne spektralne značilnosti, od posebnosti
pripadajočih zvezdam samim (npr. emisijske in dvojne sprektralne
črte, molekularni absorpcijski pasovi) do težav pri obdelavi podatkov
(npr. valovit kontinuum, premočno odštevanje ozadja).
V tej disertaciji predstavljamo do sedaj najbolj obsežno klasifikacijo
posebnih tipov zvezd ter sodoben pristop k modeliranju dvojnih zvezd,
prikazan z analizo Tyc 5227-1023-1, sicer redkega primera prekrivalne
dvojnice z nizko kovinskostjo.
Ključne besede: zvezde: emisijske črte, Be — zvezde: posebni tipi — zvezde: veter,
tok snovi — zvezde: osnovne lastnosti — zvezde: posamične (Tycho 5227-1023-1) —
dvojnice: prekrivalne — dvojnice: spektroskopske — črte: profili — katalogi
PACS: 95.10.Eg, 95.10.Gi, 95.75.De , 95.75.Fg, 95.75.Pq, 95.75.Wx, 95.80.+p, 97.10.Cv,




Binary stars represent a large fraction of all stars in the universe and
can be treated as a subset of peculiar stars, among which we find
many other less numerous types of stars with their own special beha-
viour attributed to short-lived phases of stellar evolution. The study
of individual binary systems offers important insight into the life of
stars, whereas measurements of kinematical and chemical properties
of a significant sample of Milky Way stars provide the basis for under-
standing the formation and evolution of galaxies. This work combines
both efforts, on the larger scale by studying diverse peculiar stars
in Gaia-ESO and Galah spectroscopic surveys, while on the smaller
scale by providing advanced analysis of an eclipsing binary system
Tyc 5227-1023-1 that was initially treated as a possible member of the
intriguing Aquarius stellar stream, a unique Galactic substructure.
In the new era of astronomy, where large-scale observing cam-
paigns produce overwhelming amounts of data, the ability to detect
and characterise diverse types of peculiarities found in observables
(e.g. spectra) is essential. The classification and flagging of peculiar
stars enables higher quality and reliability of the surveys’ results, and
at the same time provides interesting samples of objects for further
studies. By developing innovative techniques for discovering and
classifying peculiar stars, we find that 36.8 % of 12 392 stars in the
selected Gaia-ESO sample, which is targeting primarily young clusters,
are Hα emission stars, while 14.8 % of 209 533 spectra in the Galah
sample exhibit various features, from intrinsic stellar peculiarities (e.g.
emission and double lines, molecular absorption bands) to reduction
issues (e.g. oscillating continuum, background over-subtraction).
This thesis presents the results of the so far largest classification
of peculiar stars into distinct morphological categories, along with
a modern approach to modelling binary stars, which enabled us to
derive properties of Tyc 5227-1023-1, a rare metal poor eclipsing binary.
Keywords: stars: emission-line, Be — stars: peculiar — stars: winds, outflows —
stars: fundamental parameters — stars: individual (Tycho 5227-1023-1) — binaries:
eclipsing — binaries: spectroscopic — line: profiles — catalogs
PACS: 95.10.Eg, 95.10.Gi, 95.75.De , 95.75.Fg, 95.75.Pq, 95.75.Wx, 95.80.+p, 97.10.Cv,
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Stars in the general population differ drastically, foremost because of their different
mass, but also due to their initial composition at birth, the nature of the surrounding
environment, their current evolutionary stage or their companionship with other stars.
The resulting diverse physical phenomena that we observe when looking at stars
through our instruments manifest in a whole zoo of features. These depend on the
observed stars themselves but also on the type of observational data, meaning that an
image or a spectrum of a random star might look like something we have already
seen a million times, but observed e.g. in another wavelength range it might reveal a
plethora of rare and interesting properties. In this sense, underlined by the fact that
this work mostly relies on spectral information, we use the term “peculiar” for stars
and their observables (e.g. spectra) which exhibit features, that are not common for
the majority of a randomly selected sample of objects. However, in some examples of
peculiar types of objects as defined here, their intrinsic nature such as binarity, can be
much more frequent than what we are able to detect. It is also worth noting, that we
often denote the opposite of peculiar as “normal”, reminding the reader again that in
the context of stars, there is no clear and general consensus on the definition of these
phrases in the community.
1.1 Peculiar vs normal
Peculiar stars in this study offer profound insight into short-lived phases of stellar
evolution, while detached binary systems additionally allow us to accurately measure
some basic stellar properties that determine the fate of single stars as well as multiple
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stellar systems. Despite the apparent rarity of peculiar stars, partly due to our
observational limitations, there are many such objects found in recent large scale
spectroscopic surveys, displaying a wide variety of features that can be studied to
improve our knowledge and understanding of the universe. Primarily though, the
scientific objective of these all-sky surveys is galactic archaeology, aiming to discover
remnants of ancient galactic structures and merger events through very precise and
accurate measurements of stellar abundances. Contrary to the search for peculiar
stars, galactic archaeology focuses on normal stars for which atmospheric parameters
and elemental abundances can be measured effectively with current state-of-the-art
techniques. However, when designing observing strategies in large surveys, one
usually does not know a priori which stars across the sky will be most suitable to
the survey goals, due to the many research interests involved and for several other
reasons, so one sometimes actually aims to have as random sample as possible. Such
a decision introduces a certain difficulty in the processing of data, and it is paramount
that one of the reduction steps includes classification of different types of observed
stars.
Classification refers to sorting objects into categories or assigning labels to them.
These “labelling” can reflect the physical nature and properties of analysed objects
through their observed features, but it can also uncover difficulties in observation
or reduction procedures that no data is exempt from. The entire dataset at hand
can be regarded as a set of normal objects and a set of peculiar ones, which are
further divided into categories. Once such a classification of data is performed, stars
that merit further investigation can be used for scientific interpretation. This work
encompasses both stages, on the one hand we explore different methods of finding
and classifying interesting objects in datasets of tens of thousands of stars, and on the
other hand, we extract important astrophysical properties of a subset of peculiar stars
and also perform elaborate analysis of individual objects. In this way, we incorporate
the traditional one-man band with the modern teamwork approach, which is the
basis of international collaboration.
1.2 Peculiarity – an evolutionary stage vs a lifetime
The longevity of a star depends heavily on its mass and because of this strong
connection, the lifetimes of stars can span several orders of magnitude. Even so,
all stars are born in a similar fashion through accretion of gas and dust while the
majority of stars, those comparable in mass to our Sun, also share a similar end,
including the subsequent ejection of the outer layers all the way to the compact core –
a white dwarf. Some of the most common paths that stars follow in their evolution
are illustrated with a simplified graphic in Figure 1.1.
Besides the comparatively short periods in the evolution of a star, there are many
other scenarios that can produce peculiar features in observational data. These
12
Figure 1.1: The lives of stars (credit: Wikimedia/cmglee/NASA Goddard Space Flight Center).
include all kinds of accretion or outflow activity, stars with outbursts such as novae,
chromospherically active stars, stars with chemical anomalies, pulsations, mass
transfer, massive winds, and many others. Even if the observed stars themselves are
not peculiar but instead very normal, they might be included in various multiple
systems, surrounded by unexpected environments or in some other way producing
unusual features. The study of peculiar stars can offer very valuable insight into their
close surroundings and diverse short phases of stellar evolution, since for the majority
of stars, their life is spent mostly in a quiescent stage of slowly burning hydrogen in
their cores. We explore different types of special phases in the life of stars and their
composition using more general as well as specific analysis of stellar spectra, where
the Hα emission line is one of the outstanding diagnostic features.
Through detection and characterisation of peculiar features, we also probe at
least one type of peculiar objects which are not observed in a “short phase” of
their evolution, but are generally seen as such during their entire lifetime. These are
unresolved binary and other multiple systems. Given the right orientation, the ratio of
masses, and separation of components, they exhibit double or multiple absorption or
emission lines in their spectra, which is by itself a particularly strong peculiar feature.
Such peculiarity is therefore present practically throughout their whole evolution,
with possible additional features arising due to strong interactions in shorter periods,
depending primarily on the proximity of the orbits of individual stars.
Multiplicity among stars has been studied extensively from observational as well
as theoretical point of view. As we now know, stars are mostly found in binary and
multiple systems, as 40 % – 60 % of all solar-like stars have companions (Duquennoy
13
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and Mayor, 1991; Raghavan et al., 2010) and that fraction approaches 100 % for the
most massive A/B and O-type binary stars (Mason et al., 1998; Kouwenhoven et al.,
2007; Kobulnicky and Fryer, 2007; Mason et al., 2009; Chini et al., 2012; Sana et al.,
2012). Different populations were studied to obtain the multiplicity fraction, such
as binary stars in clusters (Abt and Willmarth, 1999; Sommariva et al., 2009) and
compact binary star systems (Postnov and Yungelson, 2014). Numerical simulations
of star cluster formation (Bate, 2009) are also in reasonable agreement with the above
claims of the binary fraction of observed stars.
With the advent of new instruments such as spectro-velocimeters (CORAVEL, CfA
speedometers, etc.), which enable better precision radial-velocity measurements and
so significantly increase the number of high quality observations, a few thousand
new spectroscopic binaries were discovered in the past decades. Several surveys are
dedicated to the search of spectroscopic binaries (Latham et al., 2002; Griffin, 2006;
Mermilliod et al., 2007) among which the larger scale Geneva-Copenhagen Survey
(Nordström et al. (2004); hereafter GCS) was successful in identifying spectroscopic
binaries with a fraction of 19 % in the observed sample. Many of the discovered
binaries from various catalogs along with their orbital parameters are compiled by
Pourbaix et al. (2004) in the SB9 catalog of spectroscopic binary orbits which is
continuously updated and at the time of this writing contains 3534 systems. Such
catalogues, although being problematic for their often completely random compilation
of objects, enable various statistical studies of the orbital parameter distributions
and are indispensable for certain analyses, where the large number of objects is of
primary importance because we are dealing with a small sub-sample having specific
properties (e.g. chemically peculiar stars or late-type giants; Boffin et al. (1993)).
Diverse populations and types of stars are also due to interactions in multiple
systems. In their lifetime, multiple stars will interact in some way and alter the
structure and evolution of the components, leading to the production of exotic
objects whose existence cannot be explained by the standard stellar evolution models,
such as algols, blue stragglers, and other chemically peculiar stars, but also non-
spherical planetary nebulae, or to a more dramatic outcome, such as supernovae
and gamma-ray bursts. Such interactions are predicted for at least half of the binary
systems containing Solar-like stars, in particular when the primary will evolve on
the asymptotic giant branch, and for at least 70 % of all massive stars. Some of the
most exceptional stars in our Galaxy are binaries, such as the extremely luminous
Eta Carinae, and the most massive stars may be the results of mergers. Moreover,
in 2016, we saw the first ever announcement of the direct detection of gravitational
waves, coming from the merging of a binary black hole (LIGO collaboration, 2016).
The rare coincidence of observing double lines in the spectrum as well as seeing a
binary system from the side, such that the passing of one star in front of the other
produces measurable eclipse events, enables us to determine the critical physical
properties such as masses and radii to high accuracy. Combined photometric and
spectroscopic observations of these eclipsing variants of double-lined spectroscopic
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binaries (EB-SB2s) lead to an accurate orbital solution and atmospheric properties
which provide another important information that is often quite tedious to obtain,
an accurate distance to the object (Munari et al., 2004). Additionally, with the use of
orbital dynamics and the composition of stellar atmospheres of studied systems, we
can infer the age of the components and probe the history of their evolution.
Even though the quality and quantity of studies of EB-SB2 systems has increased
considerably in recent decades (as shown by the SB9 catalogue), we are still limited to
the order of a 100 systems where the mass and radius of both stars have uncertainties
of less than 2-3 %, and where the derived properties can be presumed valid for single
stars (Torres et al., 2010). The latter two conditions are necessary to obtain new and
interesting results on the properties and evolution of normal stars from their birth to
their eventual demise, and they limit us to studies of detached double-lined eclipsing
binary systems. It should be emphasised, that because of the relatively small sample
of EB-SB2 systems with very accurate parameters, a contribution of a few of them is
significant, and although they are rare, they can be found over the full range of ages
and also in clusters of known ages. Therefore, they form a basis for understanding
the fundamental properties of stars using a minimum of theoretical assumptions and
modelling and at the same time provide sufficiently strong constraints to the stellar
evolution models so that those with inadequate physics can be rejected.
One of the EB-SB2 systems, that was analysed primarily for its importance in
the context of galactic archaeology and the study of ancient relics that make up our
galactic neighbourhood, is presented in this thesis, demonstrating the potential and
advantage of binary stars to also help understand the origin and structure of galaxies.
1.3 Data-driven astronomy
The past decades have seen a shift in many areas of scientific research, also in the
field of astronomy, towards ever increasing amounts of data served to us by ever more
efficient and capable measuring devices. For example, optical fibre–fed spectrographs
have enabled very efficient large-scale spectroscopic surveys. With the ability of
observing up to several hundred stars simultaneously, it is now possible to obtain
large amounts of spectra of high quality in a reasonable amount of time (Watson,
1987). Among those dedicated to stellar objects are: Sloan Extension for Galactic
Understanding and Exploration (SEGUE (II); Yanny et al. (2009)) covering three
quarters of the sky (∼ 350000 stars); Apache Point Observatory Galactic Evolution
Experiment (APOGEE; Zasowski et al. (2013)) observing ∼ 105 red giant stars; RAdial
Velocity Experiment (RAVE; Steinmetz et al. (2006)) covering the southern sky (∼
0.5 · 106 spectra); Gaia-ESO Survey (GES; Gilmore et al. (2012); Randich et al. (2013))
covering the southern sky (∼ 105 stars); GALactic Archaeology with Hermes (Galah;
Zucker et al. (2012); Freeman (2012); 106 stars). The mentioned surveys differ in the
selection of targets and in the properties of observed spectra, however they all include
15
CHAPTER 1. INTRODUCTION
some proportion of binary star systems (Pourbaix et al., 2005; Matijevič et al., 2010;
De Silva et al., 2015).
Due to the vast number of observed objects in any large-scale spectroscopic survey,
it is not feasible to reduce the accumulated data manually, so automatic pipelines are
put into effect to produce the final survey products such as radial velocities, stellar
atmospheric parameters, and elemental abundances. The majority of spectra in an
unbiased sample of input stars can be approximated by synthetic template spectra
from the stellar atmosphere models (e.g. Munari et al. (2005)). However, double-lined
spectra and those whose characteristics differ strongly from spectra of normal stars,
must be identified and flagged. This is very important because it indicates which
survey products are being potentially erroneous, and offers a list of objects that are
interesting per se. With the continuously growing number of peculiar objects and
proper classification into different categories, it is feasible to perform a population
study of different types of peculiar stars.
Classification of peculiar stars and detection of all possible unusual features in
the data can be done in several ways. Nonetheless, the unsupervised non-linear
mathematical techniques capable of representing multidimensional data such as
spectra in a user friendly way (e.g. some sort of visualisation) are more and more
vital in the process of data reduction. In this sense, one does not depend on the
definitive physical model to describe the data, but rather the data itself is guiding
the user to recognise the diversity and richness of gathered information. Using this
approach while reducing raw data, we are not only helping ourselves in performing
the predetermined scientific analysis, but are also expanding the scientific output by
discovering new potentially interesting subjects to study. This is a huge advantage
in the real world where features in the data occasionally turn out to have a much
broader scope of properties than initially thought. Generally speaking, the mentioned
mathematical techniques, suited to exploring all kinds of data, therefore prepare us
for the unexpected, something that is very useful in big data and in complex datasets.
1.4 Finding peculiar stars in spectral data
However vague the term peculiar might be when referring to the zoo of different
kinds of stars in the universe, peculiarity is much better defined in the context of a
spectroscopic survey data. By the principles described in the previous section, general
classification methods can be applied to a given dataset in order to find outliers,
peculiar spectra with varying degrees of exceptionality. The motivation for such
activity comes from different sources. On one hand, the main scientific products of
a certain survey depend on the quality of the whole reduction and analysis process
which in turn benefits from sorting “useful” and “troublesome” data apart, while on
the other hand the “troublesome” part of the data can be of great scientific interest to
other involved parties.
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Apart from general unsupervised mathematical techniques that don’t “know”
anything about astronomy or physics, another approach to finding peculiar spectra is
by comparing them to an existing database of peculiar stars such as the one compiled
by Tomasella et al. (2010). By means of some kind of similarity measure, we can
evaluate how well an observed scientific spectrum approaches its best matching
synthetic template of normal stars (e.g. Munari et al., 2005) compared to its best
matching observed spectrum of peculiar stars. The well observed dataset of peculiar
stars by Tomasella et al. (2010) includes chemically peculiar, pulsating, interacting, and
outbursting stars, those with active surfaces, fast rotation, but also young emission-
line objects and others. Such a compilation already represents a focused selection of
objects, although we can always be even more specific when searching for peculiar
stars, and an example of such a particularity are the Hα emission stars. The Hα line
at 6562.8 Å is a powerful diagnostic tool, useful for studying different regions of
stellar surfaces and their environments which are characterized by diverse physical
conditions and dynamics. As an example, using the Hα absorption in galaxy spectra,
Zhang and Zaritsky (2017) recently discovered a new environmental component in
the form of a widely distributed, neutral, excited hydrogen in the Galaxy’s halo.
Focusing on one or several spectral lines such as Hα, we can investigate the
contributions of distinct physical origins to the line profile. A complex line profile
consists of several components which may be approximated by some functional form
such as the Gaussian. These components trace the diverse regions where absorption
or emission of the line arise. They can be attributed to the photosphere of a star,
magnetically driven winds, spherical winds, the free fall of material from the disk
onto the star, accelerating or decelerating blobs, shocks, surrounding nebular emission,
etc. Although we might not understand every component of the line profile that
we observe and measure, this approach is very efficient and can lead to remarkable
results such as the recent discovery of young stars and significant star formation rate
in a galactic outflow (Maiolino et al., 2017).
The following chapter introduces us to the two large surveys with an abundance
of stellar spectra among which many peculiar objects are found, and a third one
conducted with a more specific goal of analysing binary stars on the basis of high
quality spectral and photometry data. The first two surveys form the basis for the
work on peculiar objects and specifically the Hα emission stars presented in chapters
3 and 4. The chapter 5 is dedicated to our particular interest in binary stars and
the serendipitous discovery of one such intriguing object in the context of the third
survey. Analysis and results presented in chapters 3, 4, and 5 are adaptations of





Spectroscopic and photometric surveys
The advance of science in the modern age is largely connected to the amount of
available human and financial resources, such is also the case in astronomy. Significant
breakthroughs and new findings are often, although not exclusively, possible only
through ambitious international collaborations, providing the resources to obtain the
best possible observational data. Large surveys that integrate scientists from all over
the globe into one very capable body are therefore a common way to achieve the
necessary support and knowledge for building and running expensive and powerful
instruments. Such is the case of stellar spectroscopy, may it be space or ground based,
and two examples of the large ongoing spectroscopic surveys are presented in this
chapter. The third survey is essentially different from the other two, in part because
it adds photometric observations in addition to spectra, and also because it is being
carried out by only a couple of observers, indicating the diversity of paths that lead
to high quality results in astronomy nowadays. These three surveys represent the
complete source of spectroscopic and photometric data used here, and their diversity
demonstrates that although large surveys comply with the trend in astronomical
research of the last decades, they are still far from being the ultimate means of
progress.
In contrast to the traditional spectroscopy which is done star-by-star, the multi-
fibre spectrographs utilising automatic fibre positioners are capable of capturing light
from hundreds of targets simultaneously. Because these instruments have made a
revolution in spectroscopic observations, some details will be highlighted here. When
using fibre fed spectroscopes, the light from the telescope must be focused on the
fibres instead on the slit, hence fibres act as small round slits. They are usually
attached by magnetic holders on the surface of a plate, which is mounted in the focal
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plane of the telescope, and a robot is used to do the optimal fibre positioning. This
process is in principle fast, but can become increasingly time consuming with the
growing number of fibres. In this respect and for other reasons, new mechanisms
are currently in development, where each fibre holder can move independently with
added benefits such as decreased strain on the fibres due to bending around corners
resulting in longer lifetime of fibres (Gilbert et al., 2012). During the exposure, the light
is guided along the fibres to a spectrograph nearby, or to a separate room, providing
a controlled environment with precise temperature configuration, possibly isolated
from vibrations, enabling a better wavelength calibration and larger optical parts,
which are essential for higher resolution and better signal throughput. An example
from Gaia-ESO survey featuring a fibre positioner and a system with exchanging
plates is seen in Figure 2.1.
Figure 2.1: Left: The OzPoz fibre positioner at the FLAMES/GIRAFFE instrument at the VLT is
based on the successful concept developed for 2dF at the Anglo-Australian Observatory (AAO): while
one plate is observing, the other one is positioning the fibres for the subsequent observations. The
dead time between two observations is therefore limited to less than 15 minutes, guaranteeing a very
good night duty cycle. OzPoz has the capability to host up to 560 fibre per plate. Right: The two
plates holding over 130 fibres each, for the multi-object spectrograph FLAMES. The vertical plate is
ready for observations at the focus of the telescope, while the horizontal one is being prepared by
the OzPoz fibre positioner. (credit: ESO).
Another important feature of the large scale surveys obtaining thousands and
millions of spectra is that the data must be reduced automatically, since any manual
intervention would become extremely time consuming and so impractical. This is
one of the reasons why such surveys benefit from a larger group of people, where
expertise and experience in data reduction contribute to a well designed and tested
reduction pipeline. One part of this thesis directly demonstrates the issues that
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can arise during the observation or reduction steps and emphasises the need for a
classification of data in the reduction process.
2.1 Gaia-ESO
GES is a large spectroscopic survey that targets more than 105 stars in our Galaxy
in a magnitude range 8 . V < 19, systematically covering all major components of
the Milky Way, from halo to star forming regions. With uniform mode of observation,
well-defined samples, based primarily on the 2MASS and VISTA Hemisphere Survey
photometry for the field stars, and by a variety of photometric surveys of open
clusters, GES aims to quantify the kinematic-multielement abundance distribution
functions of stellar components in the bulge, the thick and thin discs, and the halo, as
well as of a significant sample of ∼ 100 open clusters, covering a wide range of ages,
stellar masses, metallicities, and distances from the Galactic centre. Combined with
Gaia astrometry, the survey’s objective is to revolutionise knowledge of the formation
history and evolution of young, mature and ancient Galactic populations. The survey
is conducted at the VLT-UT2 telescope (ESO, Chile) utilising the Fibre Large Array
Multi Element Spectrograph (FLAMES) instrument, which can access targets over a
field of view of 25 arcmin in diameter. FLAMES consists of a single fibre positioner
and two different spectrographs covering the whole visual spectral range: GIRAFFE
and UVES.
Figure 2.2: The GES GIRAFFE targets observed in HR15N setting on the left and in HR21 setting
on the right. HR10 and HR21 settings have a similar distribution on the sky and a large overlap of
observed (predominantly) field stars, while HR15N setting is concentrated on open clusters which
are mostly found close to the plane of the Galaxy.
GES started observations in 2011 and the spectra used in this work were secured
in the first 22 months of observations. Only GIRAFFE spectra are considered here
due to their much greater number compared to the UVES sample. The majority of
GIRAFFE targets (see Figure 2.2) are observed with three different settings: HR10
(5339–5619 Å , R=19 800), HR15N (6470–6790 Å , R=17 000), and HR21 (8484 - 9001
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Å , R=16 200). In the preliminary exploration of peculiarity, where comparison to
theoretical spectral templates and the spectra from the database of well observed
peculiar stars was performed, all three subsamples were employed, while in the
specific analysis of the Hα emission stars only the HR15N setting (including Hα line)
was used. More details are given in chapter 3.
2.2 Galah
Galah is an ongoing spectroscopic survey that aims to unveil the Milky Way’s
history by studying the fossil record of ancient star formation and accretion events
preserved in stellar light. Detailed knowledge of the chemical information of fossil
remnants, which have been disrupted and are now dispersed around the Galaxy, is
essential to disentangle its formation history and explain its current stellar populations.
Recent studies of chemical abundances of stars in individual (undispersed) open
clusters show that their abundance distributions are homogeneous to the level at
which they can be measured, and their abundances are different from cluster to
cluster (e.g. De Silva et al., 2007; conversely, most globulars show inhomogenities,
e.g. Na−O anti-correlation, e.g. Carretta et al., 2009; Gratton et al., 2012; furthermore,
small abundances variations have been detected in star-to-star studies in open clusters,
e.g. Liu et al., 2016b,a). This enables the technique of chemical tagging (Freeman and
Bland-Hawthorn, 2002) to identify the fossil remnants of old dispersed clusters from
their abundance patterns over many chemical elements. Galah will achieve this by
measuring up to 29 elemental abundances from 7 independent element groups each
with 5 measurable abundance levels, thereby obtaining enough cells (57) in multi–
dimensional chemical abundance space (C-space), in which stars from chemically
homogeneous aggregates (e.g. disrupted open clusters) will lie in tight clumps
(Freeman, 2012; Ting et al., 2012). This level of accuracy and the amount of elemental
abundance information by far surpasses any existing single or multiple system stellar
studies.
Figure 2.3: Galah 3.9m AAT telescope in Siding Spring, Australia, and the 2dF fibre positioner.
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The Galah survey was the main driver for the construction of Hermes (High
Efficiency and Resolution Multi-Element Spectrograph), a new fiber-fed multi-object
spectrograph on the 3.9m Anglo-Australian Telescope (AAT). It’s spectral resolution is
about 28,000, and there is also an R = 45,000 mode using a slit mask. The spectrograph
is fed via 400 fibres distributed over π square degrees of sky. Taking into account
the Galah magnitude limitation (V = 14), 400 stars can be observed simultaneously
in that relatively small angle up to galactic latitude of |h| ∼ 28◦ . Hermes has four
simultaneous non-contiguous spectral bands centred at 4800, 5761, 6610 and 7740 Å,
covering a total of about 1000 Å, including Hα and Hβ lines. The spectrograph is
designed to have∼ 10 % efficiency, to achieve SNR∼ 100 at V = 14 in 1 hour exposure,
and to measure radial velocities with uncertainties below 1 kms−1. The high resolution,
SNR, and very thorough chemical abundance determination combined with the large
number of envisaged spectra is what makes Galah survey unprecedented and much
needed for population studies of smaller subsets of specific objects such as binary
stars.
2.3 Asiago
In collaboration with the Osservatorio Astronomico di Padova, Asiago, Italy (Mar-
rese et al., 2004), we performed detailed spectroscopic and photometric observations
of a selected sample of eclipsing binary stars. The 13 candidate objects were chosen
among EB-SB2 systems from the Asiago eclipsing binaries program (Siviero et al.,
2004; Marrese et al., 2004) for which the corresponding data is not yet analysed and
which are not studied thoroughly enough in the literature. This observing campaign
also demonstrates the ability to determine orbital elements and stellar parameters of
binary systems with formal uncertainties below 3 % and are included in the review
of ∼ 100 such systems by Torres et al. (2010), in particular V505 Per (Tomasella
et al., 2008b) and V570 Per (Tomasella et al., 2008a). The latter two studies were
also explicitly complemented by Torres et al. (2010) for their extremely high quality
(uncertainties ∼ 1 %) and the ability to compare the stellar properties with custom
computed evolutionary tracks at an unprecedented level, using detailed chemistry
derived from the actual spectra of the binaries. The excellent results of the Asiago
eclipsing binaries program was one of the main drivers for the work on EB-SB2
systems presented here.
The photometry data has been secured during a few years in an epoch about
a decade ago, while the spectral data was acquired over a larger timespan. The
spectroscopic observations are ongoing for those systems where the spectral coverage
of their complete phase needs to be improved. The binary system Tyc 5227-1023-1
presented in this work is the latest addition to the sample due to the motivation
arising from the prediction of it being a possible member of the Aquarius stream.
The photometry data for the selected 13 objects was obtained with a 28cm Schmidt-
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Cassegrain telescope equipped with an Optec SSP5 photometer (Dallaporta et al.,
2002), while the observations of Tyc 5227-1023-1 were performed by the same observer
but with a different instrumental setup and at a later epoch, as detailed in chapter
5. The spectral data for all 14 EB-SB2 systems was acquired with the échelle+CCD
spectrograph mounted on the 1.82 m Copernicus telescope atop Mt. Ekar (Asiago).
Spectra obtained with this instrument have a resolving power of R=20,000 and span
a wide range of wavelengths between 3600 Å and 7400 Å. They are divided into 30
orders and recorded by Andor 2048 × 2048 pixel thinned CCD. This setup enables
to capture the spectra for 13 objects with magnitudes V < 10 at high signal-to-
noise ratio in reasonable exposures times (less than 1 hour per spectrum), while the
Tyc 5227-1023-1 was more challenging in this respect due to its fainter magnitude (V
∼ 11.8).
The Asiago survey differs from the GES and Galah surveys primarily by its indi-
vidual approach to studying a much smaller sample of objects for which some crucial
properties are already known, but their thorough analysis can provide important new
information about the physics of stellar and galactic evolution. The corresponding
data also includes epoch photometry in addition to spectra, a paramount source
of information when investigating binary stars, and which in general photometric
surveys can be scrutinised in the same way as large spectral datasets when search-
ing for peculiar stars. The Asiago dataset and analysis of Tyc 5227-1023-1 in this
work therefore complement our study of peculiar and especially binary stars from a
different perspective.
Table 2.1: Comparison of spectral properties for all three surveys.
Survey Observations Res. power SNR Spectral range [nm] Magnitude N stars
Gaia-ESO 2011– 18,000 80 533–562 or 647–679 or
848–900
9 < V < 19 105
Galah 2014 – 28,000 > 100 471–490 & 565–587 &
648–674 & 758–789
12 < V < 14 106
Asiago 1999– 20,000 25–150 360–740 6 < V < 12 14
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Hα emission stars in Gaia-ESO1
Within the GES, the analysis of different types of stars is divided into different
working groups (WGs). WG10 is in charge of the analysis of FGK-type GIRAFFE
spectra (Recio-Blanco et al., 2014) and WG11 of FGK-type UVES spectra (Smiljanic
et al., 2014). WG12 focuses on sources in the field of young clusters (Lanzafame et al.,
2015) and WG13 on OBA-type stars (Blomme et al., 2015). WG14 is in charge of
non-standard objects, or objects for which standard analyses produce uncertain or no
results because of unusual spectroscopic features that are not properly accounted for
by automatic pipelines.
This chapter introduces the process of classification of these non-standard objects
or peculiar stars in the GES. We begin by explaining our first attempts at designing
a method which would be as complete and objective as possible for discovering
peculiar spectra in the GES sample. The rest of the chapter, however, is dedicated to
the analysis of the Hα profile of emission-type spectra, which is enabled by one of
the wavelength regions observed in the GES, and was motivated by our preliminary
results of a general classification as described in the following section.
3.1 Preliminary analysis of GES spectra
The observing strategy of the GES is such that most of the spectra is recorded in
three different wavelength settings of the GIRAFFE spectrograph (see Section 2.1).
Spectra in settings HR10 and HR21 are in majority (∼ 90 %) recorded at the same time
1Partially adapted from Traven et al. (2015) which is freely available at
https://arxiv.org/abs/1507.03790.
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for the same stars, while their overlap with HR15N is negligible (∼ 5 %). This follows
from the survey’s original goal of probing a large number of young open clusters,
predominantly observed with the HR15N setting, in addition to field stars. The spectra
of HR10, HR15N, and HR21 setting were compared to the respective wavelength
regions in two sets of template spectra, the first one a selection of 358 synthetic
spectra of normal stars from Munari et al. (2005) and the second one a selection of
212 observed spectra from a database of 108 well-known objects representative of the
most common types of peculiar and variable stars (Tomasella et al., 2010).
Figure 3.1: Characteristic plot of HR15N spectra based on results from fitting of peculiar and synthetic
templates (see text for explanation of the axis). The blue lines enclose different characteristic parts
of the plot, where the long horizontal line is at 1.2 and the vertical line is at 0.5. The red points
represent 1403 spectra selected to be the most reliable peculiar candidates out of 11076. Each part
is labelled in green, where the labels E and A stand for Hα in emission and absorption, respectively,
with the corresponding number of such spectra belonging to that part of the plot.
3.1.1 Fitting procedure
Each normalised spectrum from the final stage of the GES reduction pipeline is
assigned a similarity measure to the best fitted template, from each of the two sets,
in the form of the average difference between the spectrum and the template per
pixel (OC = 1N ∑
N
i O− C). We use OC to avoid the unreliable estimation of the σ
(dispersion) of observed data, which is based on the SNR of the spectra, and might
be influenced by systematic errors (e.g. uncertain placement of continuum, imperfect
flat fielding) and statistical (Poisson) noise. Not using the σ (dispersion), which is
otherwise needed in the standard χ2 goodness of fit, further allows the OC measure to
26
be more independent of the SNR due to the averaging of noise. The OC is computed
in the adjusted wavelength regions: HR10 – 5385− 5538 Å, HR15N – 6492− 6676 Å,
HR21 – 8491− 8732 Å. Due to the uncertainty in radial velocity (RV) determination
of the GES spectra, a shift of ±50 km s−1 with the step of 10 km s−1 is applied. This
produces 6270 OC values for each GES spectrum, and the number of spectra that
were fitted are the following: HR10 – 16026, HR15N – 11076, HR21 – 17377. After
fitting, the three nearest neighbours (by OC) are averaged for each set of templates, so
that each spectrum is finally assigned two values: OCpec and OCsynt, corresponding
to peculiar and synthetic templates, respectively.
3.1.2 Selection of peculiars
The fitted spectra are evaluated using the ratio of similarity to either peculiar or
normal templates (OCsynt/OCpec) in relation to the similarity to peculiar templates
(OCpec). Preliminary selection of peculiar candidates is determined by inspecting
this criterion and visually examining some of the corresponding spectra. Spectra
from HR10 and HR21 setting indicate a very small percentage of peculiar candidates
(below 2 % of all fitted spectra), so only the characteristic plot for HR15N spectra
based on the selection criterion is shown in Figure 3.1. Although HR10 and HR21
results are both negligible compared to HR15N in terms of peculiarity of spectra,
HR21 spectra nevertheless exhibited a much higher number of peculiar candidates
than HR10 spectra. Taking into account that the majority of spectra in HR10 and
HR21 only represent different “snapshots” of the same observed object, the results
indicate that in our case, the near infra-red wavelength region (HR21) could be more
useful for distinguishing peculiar spectra than the HR10 region.
The red points in Figure 3.1 represent the preliminary candidates for peculiar
spectra. Their OCsynt/OCpec indicates that the fit to the best matching peculiar
templates was better than to best matching synthetic ones, and the low value of log
OCpec indicates an overall good fit to the peculiar templates. Other parts of the plot,
enclosed between blue lines and numerically labelled in green, are also interesting.
Parts 2 and 3 exhibits the worst fit to the peculiar as well as to synthetic templates,
revealing spectra with very strong nebular emission in Hα and [N II] lines, where
the rest of the spectral lines are comparatively insignificant in terms of flux. Part 4
represents well-behaved spectra with almost no presence of peculiar features while
parts 5 and 6 are the intermediate region toward the most reliable peculiarities in part
1. After visual examination of spectra represented in Figure 3.1, it was evident that
the large majority of the peculiar candidates were in fact emission type stars, with the
most prominent feature being the Hα emission line, of either stellar or nebular origin.
This is the reason that the thorough analysis presented in the following sections is
dedicated to studying this characteristic and extremely diagnostic emission feature.
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3.2 Introduction to Hα analysis
The Hα emission, indicative of accretion and outflow activity in young stars, is
one of the most outstanding features in spectra of stars. Indeed, when not properly
recognised, it can endanger the parameter or abundance determination analysis,
for example because it affects the local continuum placement or the radial velocity
determination. In this chapter, we describe the process and results of the systematic
detection and characterisation of Hα emission in GES spectra and present a catalogue
of 4459 Hα emission stars and their 8846 spectra, based on the sample of 22 035 spectra
of 12 392 stars observed with GIRAFFE instrument from the GES internal data release
consisting of first 22 months of observations. Special care is taken to distinguish
intrinsic stellar emission from the nebular one. Altogether, we find 7698 spectra with
intrinsic emission that belong to 3765 stars. Such stars are often found in stellar
nurseries and nebular environments of young open clusters and can therefore serve as
a proxy for stellar ages. Another possibility is that they belong to the field and can be
so far unrecognised interacting binaries, like symbiotic stars and cataclysmic variables.
In this case GES provides a unique census of interacting binaries at all Galactic
latitudes, thereby helping to sample the faint luminosity tail of their distribution that
is under-represented in existing catalogues.
The Hα emission profiles display a variety of shapes depending on the physical
mechanism responsible for the emission and on the geometry of the source. The
simplest profiles are symmetric with a Gaussian-like appearance and are presumably
originated in one distinct source, but other more complex line profiles are frequently
observed. We refer the readers to Bonito et al. (2013) and Reipurth et al. (1996) for a
discussion of the expected Hα profile features and their physical origin. Mechanisms
that produce such multicomponent profiles are usually attributed to very young stars,
cataclysmic variables, symbiotic stars, stars with massive outflows or inflows, and to
many other types of active objects (Hamilton et al., 2012; Kurosawa and Romanova,
2013; Biazzo et al., 2006; Lanzafame et al., 2000).
Many attempts have already been made to classify active objects of a certain
type with the use of emission lines. An atlas of symbiotic stars was compiled in the
context of a Hα morphological classification using Gaussian fitting of line profiles (Van
Winckel et al., 1993). Rauscher and Marcy (2006) demonstrate that a double-Gaussian
model reproduces the profiles of chromospheric emission lines using a sample of 147
K- and M-type stars. A temporal analysis of Rigel (β Ori) spectra showed an example
of morphological classification of distinct Hα profiles, which the authors classified
visually into seven classes (Morrison et al., 2008). Another approach at analysis of
Hα profiles was shown by Kurosawa et al. (2006) where the authors used radiative
transfer model to describe the various observed profiles of classical T Tauri stars and
compared it with the morphological classification scheme proposed by Reipurth et al.
(1996).
The above studies have mostly dealt with specific types of stars on smaller samples
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of several dozens of objects. In this thesis we do not limit ourselves to any distinct
type of stars, as this would require customised treatment when identifying and
analysing the very diverse physical conditions purely from observed line profiles.
Instead, we try to be impartial towards distinct physical characteristics and treat
all available spectra in a uniform manner. In this way, we are able to review and
morphologically classify several thousand objects without particular assumptions
and model dependent parameters (we note that a very similar study of Hα emission
profiles was just recently conducted on spectra from the LAMOST survey by Hou
et al. (2016)).
We approach the problem first with the detection of Hα emission in spectra
and secondly, we introduce a simple morphological scheme for their classification.
This classification scheme, together with supplementary information about detected
objects, like their classification from the literature where available, might prove useful
to those who deal with the aforementioned types of active objects and could serve as
a uniform and unbiased treatment of largely diverse emission profiles.
In Section 3.3 we present the data used in this chapter and the methods of
reduction. The results of classification and temporal variability of objects are presented
in Section 3.4, while our straightforward attempt at cluster membership assignment
is described in Section 3.5. Discussion of the results follows in Section 3.6.
3.3 Data and reduction overview
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Figure 3.2: Whole sky representation of the 20 fields marked by circles. At the top right of each
circle, we indicate the number of objects within a given field, where one-object fields represent
benchmark stars.
The GES employs the VLT-UT2 FLAMES high-resolution multiobject spectrograph
(Pasquini et al., 2002). FLAMES has two instruments, the higher-resolution UVES,
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fed by 8 fibres, and GIRAFFE, with about 130 fibres. In this analysis we concentrate
on the much more numerous GIRAFFE spectra to thoroughly test our classification
scheme; a similar analysis of the UVES spectra is envisioned for the future studies.
We use only spectra obtained in the wavelength range with Hα line - HR15N
setting (6470–6790 Å , R=17 000), for which the majority of targets selected by GES are
open cluster stars. Along with ongoing GES observations, we also use all relevant
ESO archive data, which are included to be analysed as part of GES. Individual
spectra can therefore be dated up to nine years before the start of the survey. For
objects with more than one spectrum from either new or archival data, the timespan
of repeated observations ranges from two days up to one year (limited likely due
to duration of previous observing campaigns), which enables us to consider their
temporal variability.
The spectra that we use are those before sky subtraction and normalisation. Doing
so, we avoid any wrong identification or inaccurate subtraction of nebular emission
lines, which may show a significant spatial variability in the environment of young
clusters. Out of altogether 28 957 spectra from the GES internal data release, we have
22 035 object spectra (i.e. 76 % of the whole data) while the remaining 6922 spectra
are measurements of the background sky signal. The distribution of targets on the
sky is shown in Figure 3.2.
Next we describe the methods used to characterise spectral Hα emission. Here we
give just a brief overview, and more details are given in Appendix A.1.
The entire analysis and the final results are based on spectra reduced to the
heliocentric frame of reference. Normalisation was done by dividing the spectra with
the median value of the flux in a window of width 20 Å around the Hα line. In the
first step of the line profile analysis, we automatically determined the separation of
absorption-dominated and emission-dominated profiles. This was done by analysing
the steepness and strength of the left and right part of the line profile. Out of 22 035
spectra, we identified 9265 emission profiles, taking all those with one or more
Hα emission components into account. Some of these spectra represent repeated
observations of the same star so the number of unique emission type objects is 4566
out of 12 392.
Both simple and more complicated multicomponent profiles are present in our
dataset (Figure 3.3). The goal of further examination was to determine the number of
separate emission or absorption components in each profile and whether a nebular
component is present. Clearly a solution with more components should always yield
a better fit. But blending of individual components often makes the solution degen-
erate, while large intensity ratios make the claim of multiple component detection
insignificant. To avoid degeneracy and to increase uniformity of treatment of a wide
variety of line profiles, we decided to fit each profile by the combination of two
independent Gaussian profiles either in emission or absorption, hereafter denoted as
g1 and g2, and an optional third one, denoted gn, to account for a nebular emission.
We assume Hα as the source of all components, neglecting possible contribution from
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[He II] absorption line (6560.15 Å) in hot stars.
Each Gaussian profile has three parameters for which we use a standard notation
(λi - centre of the peak, σi - standard deviation, Ai - height of the peak, i = 1, 2, n).
Resorting to one Gaussian profile is not enough to describe diverse multicomponent
profiles, while 3 or more are plagued by degeneracy. The two component fit on the
other hand describes well the emissions with self–absorption, P-Cygni or inverted
P-Cygni profiles, or narrow emission peaks within a dominating absorption. The
optional third (nebular) component is included in the fit if there is strong indication of
the nebular emission. This indication comes from the presence of [N II] emission lines
in the object spectrum or from the presence of Hα emission line in the sky spectra
from the region surrounding the object. In both cases, the nebular component is
assumed to be in emission, where its wavelength and width are fixed by [N II] lines
and Hα line in the sky spectra, as explained in Appendix A.1.2.
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Figure 3.3: Examples of GES spectra with Hα in emission before normalisation and sky subtraction,
plotted in heliocentric wavelengths. Dashed lines mark the adopted continuum level.
Our analysis is based exclusively on automated fits. This should improve the
uniformity of the results and avoid arbitrary decisions required in manual fitting. Au-
tomated multicomponent fits can be computationally intensive with results reflecting
local minima of the solution, thus missing the global one. To avoid these problems we
adopt a sampling scheme for all the Gaussian parameters except intensities, which
are fitted with a least-squares Levenberg–Marquardt algorithm. We fix the λn and
σn values for gn based on the evaluation of Hα and [N II] emission, while we leave
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the peak height (An) to vary in the fit. The gn component is included in the fit only
if it satisfies criteria, as detailed in Appendix A.1.2. We sample the σ parameter
of g1 and g2 (hereafter σ1,2) logarithmically with 15 values ranging from 0.15 to 2
Å. The λ parameter of g1 and g2 (hereafter λ1,2) are, in the first iteration of the fit,
distributed linearly with 21 values on a flexible interval around the detected centre of
Hα emission. Justification of the choice of these intervals is given in Appendix A.1.2.
The fit is then iterated so that the final precision for the λ1,2 parameters reaches 0.1
Å. At this point we assume that the λ1,2 values from the first iteration are close to
the global minimum, so we use a better sampling to investigate the parameter space
only around these values. The peak heights A1,2 of g1 and g2 are allowed to vary
continuously, as for gn.
The raw results of this fitting procedure are 9 or 6 Gaussian parameters (λ1,2,n,
σ1,2,n, A1,2,n) for 3 or 2 fitted Gaussian components respectively along with the value








/(N − Nvar) (3.1)
where N is the number of data points and Nvar is the number of input parameters
to the least-squares method. We prefer not to use the expected σ (dispersion) of the
noise based on the SNR of the spectra since it might be influenced by systematic
errors (e.g. uncertain placement of continuum, imperfect flat fielding) and statistical
(Poisson) noise. Therefore, the χ2r defined here is different from the traditional one,
where we aim to achieve χ2 ∼ 1, whereas ours is in the units of normalised flux
squared. Because it is physically plausible that the central wavelength of emission
and absorption profiles are the same, or that an emission profile has a narrow core
and broad wings, which cannot be fitted with a single Gaussian, we also perform
this fitting procedure by setting λ1 = λ2. By doing this, we anticipate to get better
solutions of the fit in the case where two components in line profiles are well aligned
and the original procedure misses the right initial values of λ to have the wavelengths
match exactly. This version of fitting produces better fits in terms of χ2r for 402 spectra.
As these solutions are also meaningful in the physical sense we adopt these new
values.
3.4 Results of the Gaussian fitting
The results from the fitting procedure for 8846 out of 9265 spectra are contained in
the catalogue described in Appendix A.4. We disregard 396 spectra due to the strong
negative values of flux around Hα in the spectra before normalisation (see Appendix
A.1). We also disregard 23 (i.e. less than 0.3 % of all) spectra with absorption profiles,
which were misidentified as emissions in the first step of the data reduction (e.g. due
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Table 3.1: Frequency of multiple observations. The majority of objects (3029) have been observed
once. Among the 1430 sources observed several times, 120 have over ten observations.
N spec. 1 2 3 4 5 6 7 8
N obj. 3029 784 295 149 55 17 9 1
N spec. 9 11 12 15 16 18 19 20 21
N obj. 1 2 2 1 4 2 14 90 4
to noise or cosmic rays). In the presentation of results, the velocity scale is often used
for the Gaussian parameter λ (thus denoted by v), with zero at the Hα centre.
3.4.1 Stars with repeated observations
The fitted sample of 8846 spectra represents data for 4459 unique objects. We therefore
have 3029 objects in the catalogue represented with one spectrum and 1430 objects
with repeated observations. The latter can be used to illustrate the temporal variability
of Hα line profiles. They are also used for determination of the free parameters in
our morphological classification scheme. The number of spectra for each of the 1430
objects varies from 2 to 21 (Table 3.1). The GES introduced an observing strategy
(Bragaglia et al., prep), which enables such existence of multiple spectra per star.
Many of these spectra are also from the ESO archive data.
3.4.2 Morphological classification
Multiple Gaussian profile fit described in the previous section is a morphological one,
so it is not necessarily related to the underlying physics of observed emission object.
We deliberately choose a simple scheme using only up to two Gaussian profiles to
describe the Hα line shape intrinsic to the object. Hence we can use a limited number
of parameters to classify all the 4459 analysed objects with their 8846 spectra by
meaningful morphological categories and possibly also by physical ones.
Classification is enabled by identification of the fitted components described
in Appendix A.2, which produces nine distinct flags for all emission-type objects.
Employing this identification, we now focus on the more interesting profiles with two
intrinsic components flagged EE(N), EA(N), and AE(N). Letters E, A, and N denote
intrinsic emission, intrinsic absorption, and nebular emission, respectively. Flag EA
represents a profile where emission is relatively stronger than absorption, and the
opposite is true for AE. For more information on flags see Appendix A.2.
We establish seven classification categories to infer some correspondence to un-
derlying physics for these spectra (objects). The proposed seven categories with
the additional two categories for nebular and single–component intrinsic emission
profiles are listed in Table 3.2 together with conditions for their assignment. This
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Table 3.2: Classification categories and corresponding conditions. The last two columns represent
the number and fraction of spectra belonging to each category.
Category Flags Condition 1 Condition 2 N %
Nebular emission N 1148 13
Single–component emission E(N) 990 11.2
Emission blend (Ebl) EE(N) |λ1 − λ2| 6 KEE(σ21 + σ22 )1/2 1729 19.6
Sharp emission peaks (Esp) EE(N) |λ1 − λ2| > KEE(σ21 + σ22 )1/2 |v1 − v2| < Ksp 765 8.6
Double emission (Edp) EE(N) |λ1 − λ2| > KEE(σ21 + σ22 )1/2 |v1 − v2| > Ksp 545 6.2
P-Cygni (PCyg) EA(N), AE(N) λEm − λAbs > KCyg(σ2Em + σ2Abs)1/2 154 1.8
Inverted P-Cygni (IPCyg) EA(N), AE(N) λAbs − λEm > KCyg(σ2Em + σ2Abs)1/2 610 6.9
Self–absorption (Sabs) EA(N), AE(N) |λAbs − λEm| 6 KCyg(σ2Em + σ2Abs)1/2 σAbs < σEm 1253 14.2
Emission in absorption (Eabs) EA(N), AE(N) |λAbs − λEm| 6 KCyg(σ2Em + σ2Abs)1/2 σAbs > σEm 1652 18.7
8846 100
classification scheme uses three parameters (KEE, KCyg, Ksp), which are described later
in this section, and their values are determined with the help of repeated observations.
The latter is done using only 1191 objects for which we have at least two spectra
flagged as EE(N), EA(N), or AE(N).
In Table 3.3 we sort 4443 spectra of 1191 objects in rows and columns according to
the scheme in Table 3.2. Each object contributes the number of its spectra (categories)
into the row that corresponds to the most frequent (prevalent) category for all spectra
of that object. If several (N) categories are assigned the same (highest) number of
spectra for a given object, then that object contributes to the corresponding N rows,
and the number of spectra with a certain category is divided by N before being added
to the columns. Finally, values in each row are converted to fractions of the row’s sum.
Diagonal values indicate the stability of classification categories with time. We note
that the table is not diagonally symmetrical, which would be the case if all objects
had two spectra only. Here however, the category that is in minority for a certain
object contributes to the off-diagonal elements while the prevalent category does not,
except where prevalence is shared by more than one category.
The parameters KEE = 0.9, KCyg = 0.9 and Ksp = 50 km s−1 are selected so that
they maximise the overall stability of the classification categories. It is physically and
morphologically sensible that we relate the degree of separation of two components




2 ), whereby we add an arbitrary
constant, which should be close to 1. This constant is then determined by the
stability of categories with time, which is indicated by the diagonal elements in
Table 3.3. Our conditions from Table 3.2 and the parameters KEE, KCyg, and Ksp are
more supportive of the classification scheme if the diagonal elements are high for all
categories. Conversely, if we get many significant off-diagonal elements, this might
point to the actual morphological change of profiles for certain objects. We especially
expect the latter from 108 objects with at least 10 spectra (Table 3.1), which might be
targeted through their variable nature.
Following the scheme in Table 3.2 we assign a classification category to all 8846
spectra. The last two columns in Table 3.2 give an overview of the number of objects
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Table 3.3: Fractions of categorisations of the same object.
prevalent Categories of spectra of the same object
category Ebl Esp Edp PCyg IPCyg Sabs Eabs
Ebl 80.2 0.8 3.0 0.4 0.5 13.5 1.5
Esp 1.4 80.0 0.1 0.5 4.0 3.6 10.4
Edp 4.0 0.1 73.6 1.7 1.3 18.6 0.6
PCyg 1.9 9.7 1.0 64.0 3.5 3.3 16.7
IPCyg 1.4 5.2 0.1 0.2 77.2 5.3 10.5
Sabs 12.1 2.5 13.2 1.5 1.8 67.1 1.9
Eabs 0.3 4.3 0.1 1.7 5.3 1.6 86.7
that belong to each category. The fractions in the last column are merely indicating the
properties of our sample and are not intended to demonstrate any general population
characteristics.
We observe two subtypes in the E flagged (single–component emission) spectra.
The first one consists of very narrow profiles where the mean value of the σ parameter
of fitted Gaussian profiles is at ∼ 0.29 Å. This could indicate the threshold for the
width of the profile above which we are able to discern distinct components, and can
serve as a confirmation of the high quality/resolution of GES spectra. The second
subtype corresponds to Gaussian profiles with much larger widths (up to 2 Å), which
are also relatively strong, so that additional components are discarded by the ruleset
from Figure A.3.
Description of morphological categories
We describe the ensemble properties of spectra for each of the categories using Figures
3.4 - 3.10. All figures are composed of the same number and type of panels, although
the reader must be cautious when comparing different categories because of the
different ranges on the horizontal axes. The different types of histograms illustrate the
qualitative (shape) and quantitative differences between the classification categories
based on the parameters of g1 and g2 (denoted also with indexes b, r, A, E for bluer,
redder, absorption, and emission component, respectively).
Category Ebl represents profiles with blended g1 and g2. We observe the slowly
falling wing of the profile on either side. Widths of both components can be very
different. The redder component is normally centred on nebular velocity, which
might also be a consequence of the nebular emission and the presence or lack of the
correspondingly fitted gn component. The bluer component seems to be weaker and
narrower on average and its shift from the systemic (nebular) velocity might be due
to intrinsic properties (e.g. an approaching wind).
Category Esp describes profiles with peaks at separations between 20 and 40 km
s−1. The redder and sharper component is normally centred on nebular velocity,
which could be due to fitting of the nebular component with both gn and gr, in which
case only the bluer component is intrinsic.
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Figure 3.4: Category Ebl. Panel (a) represents the typical continuum-normalised Hα profile for
objects in this category (a spectrum without detection of prominent nebular emission lines was
chosen for clarity). We also plot each Gaussian fit (g1, g2 - dashed, gn - dotted) along with their
sum (thick black-white line). The horizontal axis is centered on Hα at 6562.8 Å. The panels (b) to
(f) show the distribution of fitted parameters for all the sources of this category. Parameters for the
nebular component are only shown in panel (c) as a reference point for zero wavelength and the
number of spectra is therefore different for that histogram, since not all spectra have the additional
N flag. Indices b, r, A, E denote blue (shaded histogram), red (thick-lined histogram), absorption
(shaded histogram), and emission (thick-lined histogram) component, respectively.
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Sharp emission peaks (Esp)
Figure 3.5: As Figure 3.4 but for category Esp.
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Figure 3.6: As Figure 3.4 but for category Edp.
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Profiles with larger peak separations (between 100 and 250 km s−1) are charac-
terised by Edp category. Widths are between 25 and 100 km s−1 so the peaks are well
separated. Peaks can be very different, but distributions of width (σb,r) and flux ratios
are symmetric.
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Figure 3.7: As Figure 3.4 but for category PCyg.
Category PCyg accounts for profiles with absorption and emission components
that are similar to P-Cygni profiles. The redder emission peak is roughly at systemic
(nebular) velocity. Absorption component is usually weaker, which is a common
feature for this type of profiles.
Spectra with profile shape features that are generally inverse to those of P-Cygni
are represented by IPCyg category. The absorption component is wider, but velocity
separation of components is mostly small. Flux ratio of emission and absorption has a
large span. As one of the physical interpretations see Kurosawa and Romanova (2013)
for demonstration of the quasi-stationary appearance of the red-shifted absorption in
T Tauri stars due to the unstable regime of the accretion. The number of stars in this
category seems statistically high, which might be due to the significant number of
targeted T Tauri pre-main-sequence stars, but also due to the reduction effects and
the possible confusion of intrinsic emission component with the nebular one.
Category Sabs describes profiles with self–absorption. Emission is roughly centred
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Figure 3.8: As Figure 3.4 but for category IPCyg.
40
200 100 0 100 200








0 20 40 60 80









































Figure 3.9: As Figure 3.4 but for category Sabs.
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on the nebular velocity and absorption can be blue or red shifted.
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Emission in absorption (Eabs)
Figure 3.10: As Figure 3.4 but for category Eabs.
The last category Eabs identifies profiles with emission in absorption, which may
be normal stellar (photospheric) Hα absorption. Narrow emission is moderately
blue-shifted and the flux ratio has a large span where either component may be
dominant.
3.4.3 Temporal variability from repeated observations
The temporal change of the profiles can be evaluated first in terms of classification
categories from Table 3.2. We identify 660 out of 4459 objects that exhibit no change
in classification category through time (Figure 3.11), and can be labelled as objects
with stable profile shape.
Furthermore, we can measure the variability of Hα profiles of a certain object by
comparing their flux F (Equation (A.4)). By obtaining the standard deviation of the
flux (σF) divided by its mean (µF) for all spectra of a certain object, we can get an
unbiased estimate of the flux variability whose distribution is shown in Figure 3.12.
We note that no timespan between the first and last observations is longer than 1 year





















































no change in classification category
Figure 3.11: Objects with stable profile shape. Horizontal axis represents the number of observations
(spectra) for each object and the number of objects is on the vertical axis. There are altogether 660
objects belonging to a unique classification category. Among them, 456 objects were observed twice,
134 sources were three spectra, and the remaining 70 sources have over 3 observations. Objects in
the last column with 19 exposures are mostly a selection of pre-main-sequence stars of the T Tauri
type belonging to the NGC 2264 young open cluster.







60 < Tlast−first <= 120
7 < Tlast−first <= 60
Tlast−first <= 7
Figure 3.12: Distribution of variability σF/µF (standard deviation of F divided by its mean) for
the 1430 objects with more than one observation. The histogram shows four groups of different
timespan ranges M T in days. Objects with the longest timespan (white) show small variability, while
some of those with the shortest timespan (black) can exhibit significant changes. Objects within the
group of the third longest timespan (light grey) display the strongest variation of their Hα profile.
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The variability index displayed in Figure 3.12 is a measure of the profile change,
where a high value of σF/µF almost certainly indicates a strong variability while a
small value of the same parameter does not exclude relevant variations of the profile
shape, because it is only related to the integrated flux. Nevertheless, we can assess
which objects with repeated observations exhibit minimum temporal variability. This
can be done by taking objects with 0 relative change of classification category (Figure
3.11) and taking the variability of flux F from Figure 3.12 into account. A more
complete variability analysis is out of scope of this work and will be addressed in
future work dealing with particular physical classes of stars with Hα emission.
3.4.4 Resemblance of categories
According to our results, there are some cases of objects for which the classification of
the Hα profile changes with time. This might be due to the significant change in the
actual profile shape or to the discrete conditions in our morphological classification
scheme. The correlation of one category with the other is indicated by the off-
diagonal elements in Table 3.3. Generally, there is one other category (column) per
each category (row) that stands out and points to their correlation.
When Ebl is the prevalent category for an object, it is most often in combination
with Sabs, which is best explained by one of the two components being in transition
between absorption and emission. Similarly, the category Esp can change to Eabs if
a relatively weak absorption is constantly present and one of the emission peaks
diminishes. Alternatively, one of the emission peaks can be relatively weak, as
indicated in Figure 3.5 (panel (f)) and in Figure 3.13 (panel 5), which could result in
the preferential fitting of a wide, low-amplitude absorption in the best fit procedure.
The largest off-diagonal element connects the prevalent category Edp with Sabs.
The distinction between the two categories is largely influenced by the inclination of
the slopes in the profile that are liable to change in the presence of additional weaker
components or they are harder to retrieve in the case of more noisy spectra.
The categories PCyg and IPCyg both exhibit noticeable connection to Eabs. This can
be due to their morphological similarity in cases where the fitted profile properties
are close to the limiting conditions from Table 3.2, where it is sufficient that one of
the fitted components’ width or their separation changes slightly and the category
shifts (e.g. due to the intrinsic change in velocity or orientation of the stellar accre-
tion/outflow). Another option is demonstrated with the object in Figure 3.13, where
the change of PCyg to Eabs category is due to intrinsically different profiles. The width
of the absorption component in panels 1 and 4 is very different from that in panels 3
and 5. We also notice how the bluer side of the emission component changes, due
to the presence of another emission component, and how this influences the mor-
phologically different fit in panel 2. The object in Figure 3.13 has a pronounced and
intrinsic variability of its Hα profiles. This is justly reflected also in our morphological
classification scheme. Such intrinsic changes are however relatively rare, as indicated
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Table 3.4: Cluster membership assignment. N denotes the number of objects assigned to the given
cluster. R stands for index r2 from the catalogue and is the angular radius of the cluster in degrees
while d is the distance modulus. RV is the radial velocity of the cluster in km s−1 and log t is the
logarithm of its age.
N name R RV d E(B-V) log t
1217 NGC 2264 0.39 20.69 9.111 0.146 6.75
679 NGC 6530 0.2 -6.49 10.85 0.541 6.67
409 Trumpler 20 0.33 -40.8 12.7 0.312 9.325
349 Mon OB1-D 0.195 17.73 12.75 1.978 8.23
313 NGC 2547 0.3 14.78 7.8 0.04 7.89
274 NGC 2516 0.71 21.22 7.881 0.071 8.475
111 NGC 4815 0.105 0.0 12.65 0.843 8.6
71 FSR 0998 0.13 0.0 11.501 0.791 8.95
55 Chamaleon I 0.36 0.0 7.999 0.312 6.0
38 NGC 6705 0.35 32.53 11.367 0.471 8.505
23 IC 4665 0.7 -12.23 7.788 0.171 7.63
19 NGC 6633 0.365 -25.43 7.985 0.179 8.76
16 NGC 6121 0.885 70.7 11.825 0.354 10.1
15 NGC 2243 0.165 55.0 13.26 0.062 9.135
11 FSR 1772 0.4 0.0 13.4 0.645 9.4
2 NGC 6752 0.42 -26.7 13.025 0.042 10.1
1 Grasdalen 1 0.195 0.0 11.9 2.082 7.9
by the prevalence of diagonal elements in Table 3.3.
3.5 Cluster membership
A large proportion of observed objects used in this study are presumed to belong
to young open clusters. It is therefore interesting and illustrative for further presen-
tation of results to try to assign membership in clusters for all analysed objects. We
are not trying in any way to define members of clusters or derive any of their joint
properties. This membership assignment is therefore very crude and should only
serve as a rough indication or illustration of the origin of our objects. It is based
purely on the coordinates of observed objects and the extensive catalogue of Milky
Way clusters by Kharchenko et al. (2013). The rule for selection states that if an object’s
coordinates are inside the double radius of a certain cluster, the object is assigned as
being member of that cluster. Where several clusters overlap, the selected cluster is
the one for which the distance of the object from a single radius is the smallest. Table
3.4 lists all assigned clusters and we can see their position in figure 3.14. The number
of objects assigned to clusters is 3603 out of 4459.
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Figure 3.13: Typical spectrum of an object with a pronounced intrinsic variability of emission profiles
for which the categories PCyg and Eabs are prevalent. Spectra are ordered by date of observation
given in the title of each panel. The sum of all fitted components is represented by the thick
black-white line. Continuum is at 1.
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Figure 3.14: Circles represent 17 clusters in the sky in galactic coordinates which contain all 3603
analysed objects. The numbers before names are counts of objects within each cluster. Two groups
of 3 clusters each seem to overlap, but the actual overlapping according to the cluster radii is only
for NGC_2264 and Mon_OB1-D.
3.6 Discussion
Gaussian fitting is one of the possibilities for analysis of single and multicom-
ponent Hα profiles. The methods that we discussed here were used to first detect
and then classify spectral line profiles in a uniform and unbiased manner. In this
analysis we limit ourselves to the Hα line, although this method could be applied to
other spectral lines as well. From the 22 035 GIRAFFE spectra in the GES internal
data release, we found 9265 spectra displaying emission-like features. This amounts
to 4566 out of 12 392 unique objects, which represents a 36.8 % detection rate. The
high percentage of detected emissions is expected since a large fraction of all objects
observed by GES with the HR15N setup, which includes the Hα line, are in the field
of young open clusters.
The Gaussian fitting produces results for 8869 out of 9265 analysed spectra, the
difference being mainly due to the spectra with negative fluxes (see Appendix A.1).
Fitting is done with two independent Gaussian profiles and a third one to account for
the nebular emission component, whenever necessary. The parameters of these three
Gaussian profiles enable us to construct a simplified morphological classification.
First, we flag all spectra (Appendix A.2) following the ruleset in Figure A.3 and
summarise the result in Table A.1. Less than 0.3 % or 23 out of 9265 spectra are
flagged as having only absorption components, which was subsequently confirmed
by eye inspection and therefore proves the efficiency of our detection routine. These
spectra are excluded from further consideration where we use the classification
scheme described in Table 3.2 to assign morphological categories to all spectra given
in the online catalogue, whose contents are described in Tables A.3, A.4, and A.5.
Thus we have 8846 Hα emission spectra in the catalogue corresponding to 4459 unique
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objects. The list of ADS references includes records about 305 or 7 % of these objects
(Table A.5), while for roughly 25 % of them, the presence of Hα emission is already
indicated by SIMBAD.
We find that 2239 analysed objects (4049 spectra) have an indication of the presence
of a nebular emission. This evaluation depends on the assumption that nebular [N II]
emission lines correlate well with Hα emission line and that the nebular emission is
more or less smooth over a certain field of view or across individual clusters, so that
the width and radial velocity of nebular lines do not show abrupt spatial changes.
Therefore, λn and σn parameters were fixed during the Gaussian fitting procedure.
Although the [N II] emission lines can be explained by the nebular contribution, we
caution that they can also be present due to the outflow activity of the star, so it is
possible that in some cases, the fit of the nebular component corresponds to some
other than the strictly nebular contribution to the line profile.
Overall statistics of the fitted components to Hα profiles is given in Figure A.1.
We note that the high values of A parameter mostly correspond to the very strong
emission lines while sometimes, the best fit was produced with two strong Gaussian
components, one in emission and the other in absorption, that summed together
to represent a relatively weaker component. The nebular (sky) lines are fitted with
only one Gaussian profile to avoid degeneracy issues, although in some cases, we
acknowledge the possible existence of several prominent sources of sky emission
(e.g. in the line of sight toward Trumpler 20 and NGC 4815 open clusters), that can
effectively broaden the fitted nebular component (σn values up to limiting 0.5 Å).
However, in such cases, the nebular component is usually excluded from the fit (lack
of σn values above 0.4 Å in Figure A.1) due to the conditions listed in Appendix A.1.2.
Through an unbiased way we demonstrate that 3765 objects (7698 spectra) exhibit
intrinsic Hα emission, which is formed in the immediate vicinity of the observed
object. This accounts for 30 % of all 12392 distinct objects investigated in the present
study. The flags from Table A.1 and conditions in Table 3.2 further enable us to present
the different morphologies of observed Hα profiles in the context of categories, which
aim to identify and describe physically distinct groups of objects. The classification
categories are presented in Figures 3.4-3.10 where the parameters of fitted Gaussian
profiles (g1, g2) and the typical profiles illustrate the contrast between them.
The selection and definition of classification categories are based on previous
experience with the different types of emission line profiles that are commonly
observed in stellar spectra. Such profiles already have diverse physical interpretations
and by assigning categories to our objects we merely aim to guide towards them. We
note that the conditions in Table 3.2 are discrete, which can cause arbitrary transitions
between categories for spectra of individual objects. This can also be tested by the
reader with the use of the first five best fit solutions given in Table A.3. We also note
that the order and the timespan of the consecutive changes of categories through time
is not accounted for in Table 3.3. We therefore caution that sometimes, rapid changes
of categories for individual objects can occur, even when one category is prevalent.
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We can additionally comment on the choice of one of the parameters from Table 3.2
by examining how the classification behaves when we fix KEE = KCyg = 0.9 and vary
only Ksp. It can be shown that for our dataset, the first stability region or constant
values of affected diagonal elements from Figure 3.3 arise just at Ksp ≈ 50 km s−1.
Repeated observations for 1430 objects enable us to derive some basic properties
about their temporal variability as presented in Figures 3.11 and 3.12. Furthermore,
1191 objects with multiple spectra having two intrinsic components help determine the
values of parameters KEE, KCyg, and Ksp for our morphological classification scheme.
Spectra in Figure 3.13 demonstrate the change of profiles with time and at the same
time point to some of the characteristics of our classification, which enables us to
select a particular type of profile, caused by a specific underlying physics, and helps
better understand the corresponding stellar family.
A more detailed investigation of variability could extend to more emphasised
study of line profile intensities, continuum variability, analysis of broad band pho-
tometry and SEDs for our sources, which can be obtained with the help of VOSA
– Virtual Observatory SED Analyzer (Bayo et al., 2008). Such subsequent analysis
is beyond the scope of this work but might be pursued by other researchers in the
GES. Here, we present a more general approach with fewer fitted components to
line profiles in order to obtain sensible Hα classification categories for each spectrum.
It becomes harder to reach this objective in a more detailed and model dependent
approach. The methods used for analysing Hα profiles and the results presented here
could therefore form a valuable basis for future work.
Finally, we can expand on our tentative cluster membership assignment (see
Section 3.5) by taking into account all 12 392 unique objects in our analysed GES
sample. Combined with derived stellar parameters (Te f f , log g), we try to illustrate the
frequency of emission line stars and their spectral types found in the field compared
to those belonging to clusters, of course to the limits of our simple membership
assignment, the accuracy of stellar parameters and our discreet division between
dwarfs and giants. Table 3.5 thus describes the population of our sample of cluster
stars while Table 3.6 that of the field stars. As expected, stars from clusters are
much more common in our analysed sample, having a significantly larger fraction of
detected emission in Hα compared to the field stars. However, there is an interesting
amount of emission-type stars in the field, especially among the late (K, M) type stars.
In general, we see a higher occurrence of Hα emission among the late and early (B, A)
type stars, which is consistent with the pre-main-sequence objects, very hot stars with
strong stellar winds or other types of stars that can produce emission-line spectra.
The numbers in Tables 3.5 and 3.6 are given as a summary of the discovered
emission-type stars, although we emphasize that care must be taken with regard to
the effect of small number statistics, the determination of stellar parameters (especially
log g) and the high probability that some objects which we declare as belonging to
clusters might be field stars and vice-versa.
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Table 3.5: Frequency of classification categories for stars in clusters (see Section 3.5) for the whole
sample of 12 392 stars that also have available stellar parameters. The division between dwarfs
(D) and giants (G) in the second column is discreet. We define dwarfs as stars with log g > 3.5
while the rest are giants. The temperatures roughly indicate spectral types from B to M going from
bottom to top. The stellar parameters are those derived by the GES collaboration. Eneb and Es
denote nebular emission and single-component emission, respectively. The third column gives the
total number of stars of a given spectral type and luminosity class versus those found in clusters
(the rest being field stars). The fourth column indicates stars for which we do not detect any Hα
emission in their spectra. Values in columns 4-13 are expressed in percentages of the second number
from the third column.
Te f f log g Tot. / Cl. Norm. Eneb Es Ebl Esp Edp PCyg IPCyg Sabs Eabs
< 3500
D 21 / 17 23.5 0.0 11.8 41.2 5.9 0.0 5.9 0.0 5.9 5.9
G 416 / 260 13.5 6.2 12.3 26.5 3.1 4.6 1.5 3.1 28.1 1.2
3500- D 764 / 641 31.2 3.9 11.5 18.7 10.5 4.2 1.1 3.6 10.9 4.4
5000 G 3672 / 1944 56.2 9.4 6.2 8.0 3.2 1.1 0.9 3.1 5.9 5.9
5000- D 427 / 193 71.0 5.2 1.0 2.1 8.8 1.0 1.0 1.6 1.0 7.3
6000 G 2782 / 2288 71.5 7.6 1.0 1.0 3.5 0.3 0.6 2.6 1.0 10.9
6000- D 79 / 71 73.2 8.5 2.8 2.8 0.0 0.0 0.0 0.0 1.4 11.3
7500 G 1391 / 1276 71.9 7.8 1.9 1.9 1.3 0.0 0.2 0.3 0.3 14.3
7500- D 286 / 277 78.7 7.2 2.2 0.0 0.0 0.0 0.4 0.4 0.7 10.5
11000 G 379 / 356 49.4 10.4 7.6 6.7 1.1 0.6 0.6 0.3 2.0 21.3
> 11000
D 74 / 72 59.7 6.9 1.4 4.2 0.0 0.0 0.0 0.0 1.4 26.4
G 54 / 51 45.1 11.8 11.8 7.8 2.0 0.0 2.0 0.0 2.0 17.6
Table 3.6: Same as Table 3.5 but for field stars.
Te f f log g Tot. / Fi. Norm. Eneb Es Ebl Esp Edp PCyg IPCyg Sabs Eabs
< 3500
D 21 / 4 25.0 0.0 0.0 50.0 0.0 0.0 0.0 0.0 25.0 0.0
G 416 / 156 10.3 3.8 20.5 30.1 9.0 2.6 0.6 4.5 18.6 0.0
3500- D 764 / 123 33.3 2.4 17.1 17.1 6.5 2.4 0.0 3.3 14.6 3.3
5000 G 3672 / 1728 78.3 2.1 1.2 3.2 1.9 0.5 0.4 6.2 2.3 3.9
5000- D 427 / 234 94.9 0.0 0.4 0.0 0.0 0.4 1.3 0.4 0.9 1.7
6000 G 2782 / 494 86.4 3.0 0.4 0.6 0.4 0.4 0.2 4.9 0.0 3.6
6000- D 79 / 8 87.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12.5
7500 G 1391 / 115 92.2 2.6 0.9 1.7 0.0 0.0 0.0 0.0 0.0 2.6
7500- D 286 / 9 66.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.3
11000 G 379 / 23 52.2 8.7 8.7 4.3 0.0 4.3 0.0 0.0 0.0 21.7
> 11000
D 74 / 2 0.0 50.0 0.0 0.0 0.0 0.0 0.0 50.0 0.0 0.0
G 54 / 3 66.7 0.0 0.0 0.0 33.3 0.0 0.0 0.0 0.0 0.0
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As explained in the beginning of this chapter, most of the work described above
is focused on the specific analysis of one, although very complex, peculiar feature,
whereas other peculiarities in the data were also analysed by the unsupervised non-
linear mathematical technique t-SNE. The results of this analysis on the HR10, HR15N,
and HR21 setting in the GES are omitted here, instead we present the technique and
its application on a richer dataset of the Galah survey in the following chapter, where
incidentally, additional reduction issues generally not observed in GES are discovered,




Classification of peculiar stars in Galah2
The objective of understanding the Galactic history and evolution is common to
many surveys, those already mentioned in Section 1.3 but also to some others: the
LAMOST survey (Large Sky Area Multi-Object Fiber Spectroscopic Telescope; Luo
et al., 2015), the Gaia mission (Prusti, 2012), the future projects WEAVE (Dalton et al.,
2012), 4MOST (4-metre Multi-Object Spectroscopic Telescope; de Jong et al., 2012), and
LSST (Large Synoptic Survey Telescope; Ivezic et al., 2008), etc. Despite the difference
in the observables, these surveys are some of the leading examples of continuous
production of overwhelming amounts of data which is essential for achieving the
desired goals. This chapter introduces the principles of diagnostics and classification
of such large datasets on the example of the Galah survey. Galah spectra, similarly
to those in GES or other surveys, are in need of proper treatment of peculiar stars,
even more so since the survey observations have started relatively recently and the
reduction pipeline is under ongoing development. The work presented in this chapter
therefore alleviates these efforts and introduces the reader to diverse issues found in
the data as well as to samples of peculiar stars which merit further investigation.
4.1 Introduction
To get a general overview of the observed spectra and learn more about the
studied sample of stars in a spectroscopic survey such as Galah, it seems reasonable
and necessary to address this task in an unbiased and automated way. A common
2Partially adapted from Traven et al. (2017a) which is freely available at
https://arxiv.org/abs/1612.02242.
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approach is to employ different numerical dimensionality reduction methods to reveal
the complex morphological structure of the dataset at hand. By projecting the spectra
into a low dimensional space, it becomes feasible to grasp their inter-correlations
and identify diverse morphological groups, thus constructing a classification of the
whole dataset, and particularly its outstanding features. A plethora of linear and
non-linear mathematical techniques has been developed in the past decades to tackle
the problem of classification of complicated high–dimensional data such as spectra,
and they have been successfully applied in the astronomical community as well.
Many authors have used different techniques in order to classify stellar and other
types of spectra (galaxy, quasar) or to discover new classes and unusual objects: Gulati
et al. (1994) and von Hippel et al. (1994) were among the first ones using artificial
neural networks; Ibata and Irwin (1997), Bailer-Jones et al. (1998), and McGurk et al.
(2010) demonstrated the use of PCA (Principal Component Analysis) as a very robust
classifier; Daniel et al. (2011) and Matijevič et al. (2012) successfully used the LLE
method (Locally Linear Embedding) to identify anomalous or peculiar spectra as
well as classify normal ones. Apart from the last two cases, where the authors used
the non-linear dimensionality reduction technique LLE, these studies have mostly
dealt with discrimination between classes of the MKK scheme. However, many have
mentioned the potential to identify and characterise spectral populations, which is
the focus of the work presented in this chapter.
The Galah automatic pipeline is currently running without a classification pro-
cessing stage. By manually scanning the observed sample, it has become obvious
that there is a significant number of peculiar and otherwise problematic spectra.
Although the majority belong to single stars and can be properly fit by synthetic
spectra, neglecting the outliers can lead to erroneous results in radial velocities, atmo-
spheric parameters, and especially detailed chemical abundances. Finding outliers by
comparison to databases of known peculiar spectra might produce useful results, but
would fail to give a reliable classification of the whole sample. We therefore aim to
diagnose and classify the diverse morphologies in the Galah dataset, with the goal
of: (1) highlighting all problematic spectra with unpredictable effects from either
instrumentation or reduction stages, (2) identifying any peculiar spectra that are
interesting per se and merit further investigation, and (3) providing a clean sample
without any peculiar or problematic spectra, so that further studies, based on the
detailed stellar parameters and chemical abundances produced by Galah, can be
more reliable. The method that we use to identify patterns or groups in the “feature
space” to achieve the stated goals is unsupervised classification with t–SNE (van der
Maaten and Hinton, 2008) reduction of spectral information. The main advantage of
this approach is that we are more likely to detect various unfamiliar morphological
features as well as the many known and expected peculiar stars. For a very nice
overview of the vast range of classification and data mining techniques we refer the
reader to Sharma and Johnston (2009).
This chapter is organised as follows: the data reduction and overview of Galah
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spectra is described in Section 4.2, the classification procedure with a description
of the employed techniques is detailed in Section 4.3, and the discovered classes of
spectra are examined in Sections 4.4 and 4.5. Section 4.6 briefly describes a web-based
visualisation tool nicknamed Galah Explorer, which displays the t–SNE projection
map featuring various useful functionalities. We conclude with discussion in Section
4.7, while the structure of the catalogue with final classification results including
supplementary information is presented in Appendix A.5.
4.2 Data and reduction overview
4.2.1 Reduction pipeline
All the spectra subject to our analysis (see Section 2.2) are reduced by the pipeline
used in the Galah survey to produce fully calibrated spectra for subsequent stellar
atmospheric parameter estimation (Kos et al., 2016). The reduction pipeline is based
on reliable Iraf routines and other readily available software. After the Iraf–based
reduction, a code that provides first estimates of radial velocity and three basic
atmospheric parameters is run and normalization of the entire observed spectrum
is done for each star, together with the shift to the rest frame of the observed object
(see Section 6 in Kos et al., 2016). For some spectra, processing by this code can fail
due to various data issues, and such cases are excluded from further consideration.
Otherwise, the values of the three parameters (Teff, log g, [Fe/H]), to which we refer
in the text and which are colour coded in several figures, are produced by this code.
These values are preliminary, but they are the best in terms of completeness for the
currently analysed dataset.
Improved stellar parameters determined by the Galah spectroscopic analysis
pipeline are also available, using a combination of the spectral synthesis program
Spectroscopy Made Easy (SME) (Valenti and Piskunov, 1996; Piskunov and Valenti,
2016) and the data-driven approach The Cannon (Ness et al., 2015). The procedure is
summarised in Martell et al. (2017) and will be detailed in Asplund et al. (prep). We
are in the process of analysing these improved results.
About 300,000 spectra have been taken to date, including various calibration
exposures. However, we concentrate on ∼210,000 spectra recorded before 30th
January 2016 and reduced with the Iraf reduction pipeline version 5.1. In the future,
the same study will be extended to include additional spectra once they become
available. For more details, we refer the reader to the thorough description of the
reduction process (Kos et al., 2016).
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4.3 Classification
We devise a custom classification procedure which is based on two independently
developed methods, the novel dimensionality reduction technique t–SNE (van der
Maaten and Hinton, 2008) and the renowned clustering algorithm DBSCAN (Ester
et al., 1996). Both are used more than once in an iterative approach to enable
the most efficient classification and overview of our dataset. It should be noted
that these purely mathematical methods are used extensively in various domains of
research for unsupervised classification or clustering, and were not primarily intended
for astrophysical purposes. The t–SNE/DBSCAN dimensionality reduction/clustering
combination was chosen out of the large variety of data-mining techniques because it
is able to:
• handle inherently non-linear data (physics of line formation in stellar photo-
spheres) as opposed to traditional linear dimensionality reduction methods, e.g.
PCA, MDS (Multi Dimensional Scaling; Young and Hamer 2013), LDA (Linear
Discriminant Analysis; Izenman 2008), CCA (Canonical Correlation Analysis;
Hotelling 1936), MAF (Min/max Autocorrelation Factors; Switzer and Green
1984),
• reveal the local as well as the global structure of the high–dimensional data in a
single map,
• alleviate the “crowding problem” that hampers many other non-linear tech-
niques,
• detect clusters in the projection map without a priori knowledge of their number
and the form of their distribution function, contrary to some classical clustering
methods, e.g. K-Means (Hartigan and Wong 1979) and Gaussian Mixture Models
(Marin et al. 2005).
These advantages, supported by previous experience and a detailed performance
comparison of t–SNE to other techniques by van der Maaten and Hinton (2008),
guided us towards the choice of algorithms for classification. However, we do not
claim that these are the optimal methods, and an evaluation of the effectiveness of
t–SNE/DBSCAN versus other methods in the context of the Galah dataset is beyond
the scope of this study. Nevertheless, we are encouraged by our results in that the
t–SNE/DBSCAN combination proved to be very useful and efficient in visualising
and distinguishing different morphological groups of Galah spectra.
We first present both techniques in more detail and then focus on our custom
classification procedure.
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4.3.1 t–SNE reduction of spectral information
The widely varying dimensionality and huge amounts of data in different domains
of research necessitate some form of reduction and visualisation tools in order to
efficiently extract information. t–SNE (t–distributed Stochastic Neighbour Embedding)
can visualise any high–dimensional dataset by projecting each datapoint into a low–
dimensional map, which reveals local as well as global structure of the data at many
different scales. This is particularly suitable for high–dimensional data that lie on
several different, but related, low–dimensional manifolds. An example in astronomy
is a dataset of single-lined binary spectra of multiple spectral types shifted by different
radial velocities.
The technique significantly improves the overall performance of its predecessor
Stochastic Neighbor Embedding (Hinton and Roweis, 2002), mainly due to easier
optimisation of the algorithm and a reduction of the tendency to crowd points together
in the center of the projection map. For more information on the performance of
t–SNE on a wide variety of data sets and comparison with many other non-parametric
visualization techniques, including Sammon mapping, Isomap, and Locally Linear
Embedding, we refer the reader to the original paper (van der Maaten and Hinton,
2008). We note that t–SNE has already been used quite recently in the astronomical
community (Matijevič, 2016; Lochner et al., 2016; Valentini et al., 2016; Matijevič et al.,
2017; Kochoska et al., 2017). A brief introduction to the technique including formulae
and text adapted from Pezzotti et al. (2015) is given in the following paragraphs.
Figure 4.1: SNE gradients (from van der Maaten and Hinton, 2008) as a function of pairwise
Euclidean distances (‖xi − xj‖ on horizontal and ‖yi − yj‖ on vertical axes). Positive (red) values
of the gradient represent an attraction between the points in Q space whereas negative values (blue)
represent a repulsion.
A low–dimensional representation of high–dimensional data is achieved by opti-
mally positioning datapoints in the projection map. For this purpose, t–SNE defines
the similarity between N datapoints in the original high–dimensional space X and in
the low–dimensional projection space Y, described by symmetric joint–probability
distributions P and Q, respectively. More precisely, the pairwise similarity between
datapoints is modelled by the probability that one datapoint would pick another one
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as its neighbour, which depends on the probability density under a Gaussian in space






exp(−‖xi − xj‖2/2σ2i )
∑k 6=i exp(−‖xi − xk‖2/2σ2i )
(4.2)
for space X and








(1 + ‖yk − yl‖2)−1 (4.4)
for space Y.
The σi is computed for each datapoint xi so that the effective number of its
neighbours corresponds to the fixed user-defined parameter µ (perplexity):
µ = 2−∑
N
j pj|i log2 pj|i (4.5)
In regions of space X with a higher data density, σi tends to be smaller than in
regions of lower density. The importance of modelling the separations between xi and
xj does not depend on their absolute distance in space X as long as they are close to
each other relative to σi. Likewise, the size of the local neighbourhood of xi depends
strongly on σi, and the similarity measure pj|i becomes almost infinitesimal for xj
at the distance of several σi due to the nature of the Gaussian distribution. These
properties effectively define a soft border between the local and global structure of
the data.
The novel element in computing the joint–probability distribution Q in space Y is
in using a normalised Student’s t-Distribution kernel with a single degree of freedom.
The heavy tails of this distribution put more space between the moderately dissimilar
points than a Gaussian would. As a result, there is more projection space available
so that yi and yj can model the local structure of the corresponding xi and xj more
accurately.
Having defined the joint–probability distributions P and Q, t–SNE aims to op-
timally position the points in space Y by minimising the non–convex cost function
C given by a simple measure of (Kullback–Leibler) divergence between probability
distributions:









This is achieved with an iterative gradient descent using a stochastic element to






















q2ijZ(yi − yj)) (4.8)
The gradient descent can be seen as an N–body simulation, where each datapoint
exerts an attractive and a repulsive force on all the other points (Fattri , F
rep
i ). Figure 4.1
compares gradients for three different variants of SNE (see Sections 3.2 and 3.3 from
van der Maaten and Hinton, 2008) as a function of their pairwise Euclidean distances.
In this respect, t–SNE gradient has the advantage of strongly repelling datapoints
modelled by small pairwise distances in space Y which are otherwise very dissimilar
in space X, but these repulsions do not increase to infinity as in some other attempts
to address the crowding problem (e.g. UNI-SNE).
In this chapter, we are dealing with over 200,000 spectra which can be viewed
as datapoints in space X of dimensionality over 13,000. The high computational
complexity introduced by employing t–SNE on our growing dataset requires that we
make use of the Barnes–Hut t–SNE (van der Maaten, 2013), an evolution of the t–SNE
algorithm that introduces different approximations to reduce the computational cost
from O(N2) to O(N log(N)) and the memory complexity from O(N2) to O(N).
When computing the t–SNE embedding, we always: (a) project our dataset into
two–dimensional space, (b) set the Barnes–Hut parameter θ to 0.5, and (c) unless
otherwise specified, set the perplexity to 30, a value that has generally proven to be
most effective for our purpose. Smaller values of perplexity produce sparser projection
maps with denser collections of points and larger values produce more evenly covered
projection space but with less pronounced separations between distinct groups. The
choice of two–dimensional space compared to three dimensional is pragmatic, since
we only use one image (projection map) for visual inspection in the 2D case, whereas
in 3D we would need to inspect three projected planes or use some advanced 3D
visualisation tool. We plan to explore the 3D option in the future, as it potentially
preserves more information of the underlying structure of data.
The t–SNE procedure can be summarized in: (1) converting Euclidean distances
in space X to pairwise similarities (often computationally the most intensive part), (2)
sampling map points randomly from an isotropic Gaussian with small variance that
is centered around the origin of projection space Y, and (3) initialising the gradient
descent with a fixed number of iterations (usually 1000).
The axes of the resulting (2D) projection do not reflect any physical meaning
of the original axes (dimensions) in space X. One can imagine a simple projection
from 3D to 2D space, where we take a cube of imaginary points, each with very well
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defined coordinates (x, y, z), and then thoroughly and arbitrarily smash and deform
that volume into a plane. The 2D coordinates of this plane bare no resemblance to x,
y or z (even more so in case of original dimensionality > 3), however, if we do the
smashing and deforming in a smart way (t–SNE), they express the similarity between
the original points.
4.3.2 DBSCAN clustering
Density-based spatial clustering of applications with noise (DBSCAN) is a data
clustering algorithm relying on a density–based notion of clusters (collections) and
designed to discover any arbitrary shape of collections of points in some space. It
defines clusters from densely packed points – those that have many nearby neighbours
– and rejects those points that lie alone in low-density regions (outliers). DBSCAN
is one of the most common clustering algorithms and also one of the most cited in
scientific literature.
There are two input parameters to DBSCAN method that have to be set by the
user, minPts and ε. Furthermore, the points are classified into three groups: core
points, (density–)reachable points, and outliers, defined as follows:
• A point u is a core point if at least minPts points are within distance ε of it
(including u), and by definition these are directly reachable from u, whereas no
points are directly reachable from a non-core point except the point itself.
• A point v is reachable from u if there is a path u1, ..., un with u1 = u and un = v,
where each ui+1 is directly reachable from ui (all the points on the path must be
core points, with the possible exception of v, in which case v is a border point).
• All points not reachable from any other point are outliers.
To find a collection of points, DBSCAN starts with an arbitrary point u and
retrieves all points density-reachable from u wrt. ε and MinPts. If u is a core point,
this procedure yields a collection. If u is a border point, no points are density-
reachable from u and DBSCAN visits the next point.
In this study, DBSCAN is employed merely as a tool for automatic detection of
distinct collections in the projection map produced by t–SNE, without any bias apart
from the manual selection of ε and MinPts. By definition of the t–SNE projection
map, datapoints that are similar to each other should be closely packed together,
thereby, in DBSCAN’s terminology, forming a collection which can be detected and
labelled.
4.3.3 Classification procedure
In the process of finding the most objective and efficient way of classifying Galah
spectra, we have established a procedure which is a combination of automatic and
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Figure 4.2: The first t–SNE projection of the whole working set containing 209,533 datapoints
(spectra). The three panels feature Teff, log g, and [Fe/H] values for spectra (represented by the
colour scale), measured by the Galah reduction pipeline (see Section 4.2.1). The lowest values of
[Fe/H] are few and probably erroneous. The two areas encircled by black points are the two largest
collections of the most appropriate DBSCAN mode (Eps = 0.2, MinPts = 30) for large scale
cluster detection, which were removed in the third step of our classification procedure. The outer
borders of the two collections are dotted, indicating the approximate shape which is not smooth and
can be patchy on the inside as well. A relatively smooth distribution of parameters is clearly seen in
the enclosed areas. Altogether DBSCAN defines 235 collections in this mode, which are not marked
here. The axes of the panels have no physical meaning, they merely span the low–dimensional
projection space.
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manual processing and inspection of our data. The current Galah reduction pipeline
includes several stages (see Section 4.2) and we only retain those spectra that pass
radial velocity determination and normalisation, which are in our analysis the two key
properties for optimal use of t–SNE dimensionality reduction. In principle, we could
use the whole dataset of spectra before any kind of reduction, but in that case the
most important features driving our low–dimensional embedding (projection map)
would be a result of missing wavelength calibration, flux normalisation, radial velocity
determination, etc. In essence, we would be concerned with properties that are less
scientifically compelling and can be reliably enough accounted for with standard
reduction procedures. Indeed, in any such case of spectra where determination
of these basic properties is problematic (peculiar objects, spectra with very few
absorption lines, etc.), our classification scheme is designed to detect them. After the
described selection, the number of spectra that remain is 209,533, and we join together
the four spectral bands to produce the so–called datapoints of our working set.
Taking the whole practically usable range of red, green, blue, and IR band
(excluding the strongest telluric features in the latter), the number of normalised flux
values, which are basically pixels or original dimensionality of datapoints, amounts to
13,600 per datapoint (spectrum). At such high dimensionality multiplied by 209,533
datapoints, the computational cost despite the Barnes–Hut implementation of t–SNE
can still turn out to be overwhelming or impractical (taking over ten days to compute
on an Intel(R) Xeon(R) 2.60GHz CPU, using over 80GB of memory). To ease the whole
process, in terms of memory consumption and computation time, and to produce a
projection map most suited for the purpose of this work, we make use of the following
scheme:
1. First t–SNE projection: the first projection is computed for the whole working
set (209,533 spectra). We use only the following wavelength ranges: 4850− 4880
Å, 5750− 5780 Å, 6550− 6580 Å, and 7730− 7760 Å. These ranges are selected
so as to include the more diagnostic parts of each spectral band, with equal
contribution from all of them, amounting to 2400 as dimensionality of datapoints.
The map resulting from this first projection can be used as is, for this is the
most basic and objective clustering of all datapoints from our working set.
However, a significant portion of spectral information is missing due to our
cut in wavelength range. There is also a practical caveat, in that although the
projection map is fairly homogeneously populated, it is also very dense, making
the smaller scale clustering, the one we are most interested in, more difficult to
recognise. The next steps alleviate these issues.
2. DBSCAN large scale cluster detection: DBSCAN input parameters are set in a
way that a few large collections of datapoints are defined across the projection
map. This is done in order to select those collections that presumably contain
only the “normal” spectra. In our experience, well behaved spectra are usually
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clustered together in one or a few large areas of the map where the atmospheric
parameters (Teff, log g, [Fe/H]) are continuously distributed.
3. Select and filter out collections of “normal” spectra: It is here that manual
interaction is most important, since we are rejecting (to our analysis) less
interesting datapoints and even if being very careful, we can unwittingly discard
some of the desired spectra from further consideration. The map of the first
t–SNE projection with DBSCAN clustering on large scale is shown in Figure 4.2.
The two largest collections outlined by black dotted line, amounting to 137,155
datapoints, are rejected for containing presumably only “normal stars”, and
76,938 remaining datapoints are considered in the next steps.
4. Second t–SNE projection: the second projection is computed for the subsample
of the working set (76,938 spectra), resulting from the previous step. Due to
the smaller number of datapoints compared to the first projection, it is now
feasible to operate with all practically usable flux values (13,600) from the four
spectral bands: 4730− 4880 Å, 5670− 5850 Å, 6500− 6710 Å, and 7725− 7865
Å. The projection map is shown in Figure 4.3, and serves as the final basis for
our selection and analysis of peculiar spectra. Some “normal” spectra are still
present in this map, but the largest portion should belong to all the peculiar
objects that we are interested in. Their small scale structure, which was hidden
in the first t–SNE projection, is now reflected in the large scale structure, and
also more easily discernible due to the overall fewer datapoints in the map, as
evident from comparing Figures 4.2 and 4.3.
5. DBSCAN small scale cluster detection: DBSCAN input parameters are set in
a way that the defined collections correspond to relatively small and dense
regions in the map which represent distinct morphological classes of spectra.
In our experience, there is no unique parameter set for DBSCAN that would
allow us to properly select the various collections, so many sets of parameters
are tried and the corresponding DBSCAN results (hereafter DBSCAN modes),
producing different sizes, shapes, and numbers of collections, are available for
inspection in the next step.
6. Select relevant/categorical collections and assign classification categories/flags:
The final step involves manual overview of individual spectra in different collec-
tions with the help of our visualisation tool presented in Section 4.6. The goal is
to find the best collection from different DBSCAN modes that fully encompasses
the manually examined spectra belonging to a distinct category. Some outliers
in terms of a chosen category will usually be present, so the final results should
be regarded as a list of candidate members of a certain category. We do not
assign a quantitative probability of membership as it is beyond the scope of
this study. Furthermore, the selected collections from different DBSCAN modes
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might sometimes overlap, so one spectrum might be assigned to two categories,
in which case it can be viewed as a candidate member of both.
Figure 4.3: Same as Figure 4.2 but for the second t–SNE projection map of the filtered working
set containing 76,938 datapoints (spectra), i.e. those that are not part of the two large collections
marked in Figure 4.2.
4.4 Morphological classes of spectra
Table 4.1 lists 6 distinct categories that were defined using the classification
procedure described in Section 4.3.3. This classification is not limited strictly to
peculiar objects having spectra without a counterpart in the library of synthetic
spectra, although they remain the principal motivation for this work. Rather it is a
search for any coherent group in the projection map, from which anyone can pinpoint
their category of interest. They range from larger collections of points (spectra), like
the Hot stars category, to smaller ones that mostly contain problematic spectra, having
usually one, albeit very prominent, feature (e.g. a strong emission spike).
The projection map that was used to search for and define the 6 general categories
is presented in Figure 4.3. The overall distribution of parameters Teff, log g, and
[Fe/H] in the three panels indicates their importance in feature space. Teff is clearly
the principal discriminant with a gradient over the whole projection map, followed
by [Fe/H] and log g which influence the distribution of points inside larger and well
separated collections. The collections that represent distinct categories are marked in
Figure 4.4. Some of them are characterised by a certain strong spectral feature, hence
the three main stellar parameters can be well mixed within the collection, in addition
to being erroneous in cases where such features prevent a reliable estimate of their
values.
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Figure 4.4: The result of the classification procedure, based on the projection map in Figure 4.3.
Collections of spectra assigned to distinct categories are flagged (colour coded), the rest are black.
The axes of the panels have no physical meaning, they merely span the low–dimensional projection
space.
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For all targets corresponding to spectra with an assigned classification category, a
search by coordinates inside 1 arcsec radius was performed on the SIMBAD database.
The most common Main type and Other type property of the matched SIMBAD
objects are listed in Table 4.1. In the following paragraphs, categories are described
individually, with several issues related to observations and reduction combined in
the category Problematic.
4.4.1 Hot stars
A large collection at the right part of the map in Figure 4.3 contains mostly early type
stars, with temperatures well above solar, characterised predominantly by widened
wings of Hα and Hβ absorption lines. These stars are considered peculiar since survey
pipelines deriving the atmospheric parameters have great difficulties in treating them,
either due to a lack of suitable atmospheric models or problems with understanding
of physical processes in their atmospheres. We observe a smooth transition of
temperatures inside this collection, ranging from about 6500 up to 8000 K (upper
limit of the grid of synthetic templates, see Kos et al., 2016). The distribution of
metallicity is also very smooth, along an axis perpendicular to temperature, while the
surface gravity is more patchy, with dwarfs more clustered in some parts and giants
more dispersed throughout the collection. Examples of spectra in this category with
different metallicity and temperatures are shown in Figure 4.5.
4.4.2 Cool metal-poor giants
The collection in the bottom part of the projection map features mostly late type stars
with a measured metallicity well below solar value (−4.5 < [Fe/H] < −0.5, see Figure
4.6). The distribution of surface gravity is clearly seen, with the majority of stars being
giants, and most with temperatures in the range from 4000 K to a little above solar.
The available records from SIMBAD support these claims, with 162 stars classified as
Red Giant Branch star, 26 as Possible Red Giant Branch star, and 10 as Variable Star of RR
Lyr type.
4.4.3 Stars with molecular absorption bands
The upper left part of the map in Figure 4.3 contains a region populated by spectra
with strong molecular absorption bands. It is well isolated on one end but still
connected to the rest of the late type stars on the other end. The temperatures
in this collection are mostly low as expected, but not unquestionable, as is nicely
demonstrated by the very tip of this area on the left side, where we find the strongest
absorption bands, while the temperatures derived for some of these spectra are much
too high (above 6500 K). The increase in strength of absorption bands nicely follows
the direction from this extreme end to the larger region of late type spectra (from
top to bottom on panels in Figure 4.7). The surface gravities and metallicities in this
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Figure 4.5: Examples of spectra of Hot stars category. Separate panels represent spectra from
different Hermes spectral bands but for the same stars. Vertical spacing between spectra in each
panel is adjusted for clarity. From bottom to top in each panel, spectra are labelled in sequence on
the right axis, corresponding to spectrum number in Table 4.2.
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Figure 4.6: Same as Figure 4.5 but for the Cool metal-poor giants category.
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collection may also be problematic, due to the known problem of producing reliable
synthetic templates for such stars.
4.4.4 Binary stars
Multiple stars, of which the majority represents double-lined spectroscopic binaries
(SB2), are found in the bottom right part of the projection map, clustered in two well
separated collections. The main and most obvious difference between them is the
position of the stronger of the two components in terms of the equivalent width of
absorption lines. For the lower group the stronger component is positioned blueward,
while for the upper group it is redward. Although the distinction is not physically
significant, it is evidently morphologically important. Following the arc-like shape of
the two collections from left to right, the spectra show a progressively larger radial
velocity separation of the two components, from almost blended double lines to those
separated by as much as 150 kms−1. Examples of spectra of stars in this category are
shown in Figure 4.8. The top star is a W Uma star and the spectra are shown with
increasing radial velocity separation of the two components from bottom to top. We
have some indications of binarity in Table 4.1, although only for a handful of stars, the
other candidates being currently unknown for their binary nature according to the
SIMBAD database. The same search by coordinates as performed on SIMBAD reveals
no systems in Pourbaix et al. (2004) and 2 systems in Mason et al. (2001) catalogues.
By visual inspection, some SB3 candidates and W UMa type SB2s are also a part of
this collection, although they are not isolated enough in the projection map to be
labelled separately.
We present preliminary statistics on velocity separation M vorb and the flux ratio
α – spectral flux of the less luminous secondary compared to the brighter primary
component – for the candidate SB2 systems in this collection. The measurements are
performed using the TODCOR method (Zucker and Mazeh, 1994) on the blue, green
and red wavelength band, using only the solar-like reference spectrum (synthetic
template from Munari et al., 2005 for Teff = 6000 K, log g = 4.5, [Fe/H] = 0, vstep
= 0.5 kms−1). The results displayed in Figures 4.9 and 4.10 are therefore only a
rough estimate of these two parameters and reflect the simplicity of the undertaken
method. We note that for the majority of binary systems in this collection, the flux
of the primary component is about 4 times that of the secondary, and the velocity
separations peak at about 25 kms−1, while the smallest detected velocity separations
are achieved down to ∼ 10 kms−1 as seen in the right histogram of Figure 4.10.
The number of spectra in this collection is approximately 2000, which represents
around 1 % of the investigated Galah dataset. The overall number of detected SB2
candidates is further augmented by the results of the specific search described in
Section 4.5 and by the detected candidates that are otherwise excluded from Tables 4.1
and 4.3 due to the Galah publication policy, thus reaching more than 4000 candidate
SB2 systems.
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Figure 4.7: Same as Figure 4.5 but for the Molecular absorption bands category.
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Figure 4.8: Same as Figure 4.5 but for the Binary stars category.
71
CHAPTER 4. CLASSIFICATION OF PECULIAR STARS IN GALAH
0.2 0.4 0.6 0.8 1.0
0.5
1.0  blue vs green




vorb blue vs green
0.2 0.4 0.6 0.8 1.0
0.5
1.0  blue vs red




vorb blue vs red
0.2 0.4 0.6 0.8 1.0
0.5
1.0  green vs red




vorb green vs red
Figure 4.9: Comparison of M vorb (velocity separation) and α (flux ratio) parameters derived by
TODCOR. The horizontal axes on all panels correspond to the first wavelength band marked in the
labels of each panel, and the black line denotes the 1:1 ratio. The results from the red and blue
band are in better agreement between themselves than with those from the green band, which is
likely due to the prominent Hα and Hβ absorption lines included in these two bands, while the large
scatter in the left panels could be attributed to the identical template used for both components
and their intrinsically diverse spectral types.
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Figure 4.10: Top: estimated uncertainties of the primary and secondary component’s RV derived
from results of all three wavelength bands. Bottom: average M vorb and α from all three bands.
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Moreover, the true number of such objects is doubtlessly larger, as there are
many factors hindering their detection: SB2 with heavily blended lines, exclusion of
potential candidates in the third step of our classification procedure or classification
as Problematic due to a stronger spectral feature. The simulation from Matijevič et al.
(2010) performed for SB2 analysis of RAVE spectra found that the detection rate
should be fairly high (∼ 80 %) for systems with orbital periods shorter than ≈ 100
days. The limiting line separation 4vorb ≈ 50 kms−1 for RAVE (near-IR, SNR ∼ 45,
R ∼ 7500) should be less for Galah due to the higher resolution and SNR of spectra
and so the detection of longer period systems should be greatly improved. Indeed,
the smallest separations among the detected binaries in this collection are 4vorb ≈ 10
kms−1, as demonstrated in Figure 4.10.
The detection of SB2 systems in this work can be compared to the study of spectro-
scopic binary candidates in RAVE by Matijevič et al. (2010) and in GES by Merle et al.
(2017). Both authors employed cross-correlation techniques on the observed spectra,
albeit with different approaches, yielding a detected binary fraction of ∼ 0.5 % in
RAVE and ∼ 0.7 % in GES. An analysis of peculiar spectral morphologies similar
to the work presented in this chapter but on the RAVE dataset was performed by
Matijevič et al. (2012) using the non-linear LLE method, which produced a percentage
of spectroscopic binary candidates that is between 0.5 and 1 %. These numbers
confirm the assumption of better detection performance with higher SNR and spectral
resolution, and the higher efficiency of detecting distinct spectral classes by unsuper-
vised non-linear classification techniques. It should also be emphasised that the 2 %
of detected SB2 candidates in this study can be greatly improved by a more focused
selection of wavelength regions and other parameters of our classification procedure.
4.4.5 Hα/Hβ emission
Emission-type stars often feature diverse profiles in Hα and Hβ emission lines,
indicative of young stars, cataclysmic variables, symbiotic stars, stars with massive
outflows or inflows, and many other types of active objects. The shapes of emission
profiles can be described by meaningful morphological, and possibly also physical,
categories as demonstrated by Traven et al. (2015). In this collection, the diverse
profiles (double peaks, emission superimposed on absorption, P-Cygni, and others)
are presented together, as they are relatively few and also not clearly separated in the
projection map. The Hα emission line is mostly present and often accompanied by
a similar profile shape of Hβ line. In some cases, molecular absorption bands and
the lithium absorption line are clearly visible, all together are indicative of cooler,
younger, and active stars. Examples of spectra in this category are in Figure 4.11.
4.4.6 Problematic
This collection is very diverse as it assembles together spectra which are in some
peculiar, and generally undesirable fashion, affected in either observations or data
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Figure 4.11: Same as Figure 4.5 but for the Hα/Hβ emission category.
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reduction. Emission spikes (5352 spectra) are most often present in the IR band
and sometimes, but less strongly, in the red band, and are probably due to under-
subtracted sky lines. The left and right parts of the map, shaped by low density
snake–like collections, represent spectra with one strong emission spike (9599) in the
IR band. A normalisation issue in the form of an oscillating continuum (2025) in the
red band is also very common. Negative flux (2078) is most often present in the IR
band, followed by the blue band and less often in the red band, and might be due to
sky over-subtraction. There is one more quite interesting, but less frequent, reduction
effect in the IR band. This is in the form of very low continuum (41) which is either
at ∼ 0.3 or close to and below zero level, often accompanied by strong oscillating
features. These subcategories follow each other in Figure 4.12 from bottom to top in
each panel. Most spectra in this category are well behaved in all aspects apart from
the described issues, and their automatic detection without manual inspection is very
helpful for the iterative development and improvement of our reduction pipeline (Kos
et al., 2016).
4.5 Specific search for young/active stars
We also present additional classification results based on a more specific projection
map, in contrast to the general one presented in Section 4.4. These results follow
the same procedure as explained in Section 4.3.3, but with different t–SNE input
parameters and input spectral ranges. The motivation for this approach is to search
for stars in their early phases of evolution (Žerjal et al., 2013) for which features in Hα,
Hβ, and 7Li spectral lines can be diagnostic of their activity (Soderblom, 2010; Jeffries,
2014). Perplexity is set to 50 and the spectral ranges 4841− 4881 Å (Hβ) and 6543−
6583 Å (Hα) are selected for the first t–SNE projection of the whole working set, while
perplexity of 15 and reduced spectral ranges (4859− 4863, 6561− 6565, 6706− 6710
Å) around the three diagnostic lines are selected for the second t–SNE projection of
the filtered working set. Other combinations of perplexity and spectral ranges were
tried, but this one produced the most useful projection map.
Compared to the general classification from the previous section, we find ad-
ditional candidates in the categories of Binary stars (522), Problematic spectra with
oscillating continuum (665), and Hα/Hβ emission (868). With this projection map,
we are able to partition the latter category and identify four distinct morphological
subtypes (see Figures 4.13 and 4.14): Hα/Hβ emission, Hα/Hβ emission superimposed
on absorption, Hα/Hβ P-Cygni, and Hα/Hβ inverted P-Cygni, all indicative of diverse
underlying physical processes (Traven et al., 2015 and references therein). The Hα/Hβ
emission category is a counterpart to the one presented in the previous section, and
contains diverse multicomponent profiles of Hα/Hβ emission lines, that were not
clearly separated in the projection map, as in the case of the latter three categories. It is
possible that some emission profiles are a consequence of reduction issues instead of
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Figure 4.12: Same as Figure 4.5 but for the Problematic category. Subcategories of spectra in the
panels from bottom to top: emission spikes, strong emission spike, oscillating continuum, oscillating
continuum, negative flux, low continuum, and low continuum.
77
CHAPTER 4. CLASSIFICATION OF PECULIAR STARS IN GALAH
Table 4.1: Classification categories based on the general projection map (see Section 4.4). The
columns give the classification category, number of classified spectra, and the most common SIMBAD
main types and other types. SIMBAD defines a main type for each astronomical object in its
database, and usually several other types generally inferred from its identifiers. For the last two
columns, only the five most common types are listed, excluding the less interesting type Star. The
full table is available in the electronic version.
Category N Main type Other types
Hot stars 4130 Star in Cluster (20), Variable
Star of RR Lyr type (13), Vari-
able Star (12), Variable Star of
delta Sct type (12), Eclipsing bi-
nary of Algol type (detached)
(8)
Infra-Red source (1486), Vari-
able Star (41), Star in Cluster
(26), Rotationally variable Star
(19), Variable Star of RR Lyr
type (13)
Cool metal-poor giants 2784 Star in Cluster (371), Red Giant
Branch star (162), Possible Red
Giant Branch star (26), Variable
Star of RR Lyr type (10), High
proper-motion Star (8)
Infra-Red source (695), Star
in Cluster (552), Red Giant
Branch star (165), Possible Red
Giant Branch star (84), Variable
Star (13)
Molecular abs. bands 1274 Variable Star (4), Long-period
variable star (3), Star in Clus-
ter (1), S Star (1), Possible Red
supergiant star (1)
Infra-Red source (500), Variable
Star (9), Long-period variable
star (3), Star in Cluster (2), Pos-
sible Red supergiant star (2)
Binary stars 1817 Rotationally variable Star (2),
Eclipsing binary of Algol type
(detached) (1), Star in Cluster
(1), Double or multiple star (1),
Spectroscopic binary (1)
Infra-Red source (230), Rota-
tionally variable Star (6), Dou-
ble or multiple star (4), Spectro-
scopic binary (3), Variable Star
(2)
Hα/Hβ emission 215 High proper-motion Star (5),
Rotationally variable Star (4), X-
ray source (2), Double or mul-
tiple star (1), Infra-Red source
(1)
Infra-Red source (33), X-ray
source (10), High proper-
motion Star (7), Rotationally
variable Star (5), Variable Star
(5)
Problematic1 19095 Star in Cluster (218), Red Giant
Branch star (47), High proper-
motion Star (11), Variable Star
(8), Variable Star of RR Lyr type
(7)
Infra-Red source (1313), Star
in Cluster (253), Red Giant
Branch star (48), Variable Star
(17), Possible Red Giant Branch
star (12)
1 A large fraction of such spectra are recoverable (see text).
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Table 4.2: List of spectra plotted in Figures 4.5−4.15 representing distinct classification categories.
The last column gives sequential spectrum number (bottom to top) in panels for each figure.
Galah ID RA (J2000) [hh mm ss.s] dec (J2000) [dd mm ss.s] V figure spectrum
2048539 12h 40m 59.46s -45◦ 27′ 14.1′′ 12.2 4.5 1
1860013 10h 59m 01.3s -47◦ 34′ 19.9′′ 4.5 2
2009968 12h 59m 40.48s -45◦ 53′ 04.4′′ 4.5 3
3627010 09h 00m 57.77s -27◦ 09′ 39.8′′ 4.5 4
3253503 12h 09m 53.99s -31◦ 25′ 10.5′′ 4.6 1
2020691 13h 01m 19.27s -45◦ 45′ 51.8′′ 12.6 4.6 2
9514457 00h 24m 59.034s -72◦ 07′ 48.33′′ 4.6 3
3611818 09h 03m 05.5s -27◦ 20′ 36.9′′ 12.9 4.7 1
1581751 17h 58m 33.44s -50◦ 51′ 15.5′′ 4.7 2
4935389 08h 07m 58.28s -10◦ 29′ 30.7′′ 10.5 4.7 3
1715870 13h 23m 49.52s -49◦ 14′ 21.1′′ 4.7 4
157469 09h 43m 55.26s -76◦ 28′ 55.5′′ 13.4 4.8 1
1345018 18h 39m 12.45s -53◦ 58′ 07.6′′ 13.3 4.8 2
1281061 06h 13m 09.26s -54◦ 49′ 54.4′′ 12.6 4.8 3
2584208 11h 34m 04.8s -39◦ 17′ 39.5′′ 12.7 4.8 4
3217487 06h 30m 58.37s -31◦ 49′ 29.7′′ 13.6 4.8 5
2061842 14h 05m 59.68s -45◦ 18′ 20.7′′ 4.8 6
6122038 21h 28m 56.42s +06◦ 06′ 25.3′′ 12.4 4.11 1
203377 02h 04m 32.8s -74◦ 55′ 28.6′′ 13.2 4.11 2
1720551 12h 20m 52.77s -49◦ 11′ 05.7′′ 4.11 3
1692074 12h 43m 04.53s -49◦ 31′ 11′′ 13.1 4.11 4
2292604 10h 25m 20.92s -42◦ 41′ 53.9′′ 12.7 4.11 5
1237165 07h 41m 05.11s -55◦ 26′ 32.54′′ 13.8 4.12 1
2076959 19h 42m 39.47s -45◦ 08′ 14.4′′ 13.9 4.12 2
364936 09h 56m 53.13s -70◦ 57′ 57.8′′ 4.12 3
598623 22h 58m 39.82s -67◦ 09′ 45.3′′ 12.8 4.12 4
226575 01h 13m 02.51s -74◦ 14′ 22.9′′ 13.8 4.12 5
2791332 12h 41m 51.89s -36◦ 50′ 37.3′′ 4.12 6
9520401 18h 23m 16.32s -34◦ 01′ 27.5′′ 4.12 7
1230979 07h 37m 19.419s -55◦ 31′ 44.49′′ 14.5 4.13 1
3039593 20h 57m 51.85s -33◦ 52′ 38.4′′ 13.8 4.13 2
2400420 20h 08m 37.69s -41◦ 26′ 45.8′′ 4.13 3
3082604 11h 14m 59.85s -33◦ 22′ 27.8′′ 13.7 4.13 4
2414299 15h 24m 42.98s -41◦ 17′ 09.9′′ 4.13 5
2105243 13h 04m 09s -44◦ 49′ 18.7′′ 14.2 4.13 6
2292604 10h 25m 20.92s -42◦ 41′ 53.9′′ 12.7 4.13 7
2504307 21h 28m 30.21s -40◦ 14′ 30.5′′ 13.9 4.14 1
1043258 07h 50m 47.825s -58◦ 43′ 17.31′′ 13.9 4.14 2
9518625 07h 45m 32.447s -58◦ 50′ 26.46′′ 4.14 3
1264994 07h 35m 59.296s -55◦ 03′ 09.68′′ 14.0 4.14 4
9519860 18h 05m 49.37s -31◦ 44′ 26.88′′ 4.14 5
9518173 07h 33m 39.016s -55◦ 34′ 54.83′′ 14.7 4.14 6
9518474 07h 41m 48.343s -55◦ 24′ 54.13′′ 4.14 7
9518210 07h 34m 49.249s -56◦ 02′ 27.53′′ 15.0 4.14 8
9518390 07h 39m 37.67s -54◦ 47′ 05.14′′ 14.6 4.14 9
9518511 07h 42m 50.476s -55◦ 26′ 22.95′′ 14.9 4.14 10
9519416 14h 13m 35.84s +07◦ 15′ 08.1′′ 16.1 4.14 11
9519827 18h 05m 16.78s -31◦ 38′ 24.72′′ 4.14 12
9519903 18h 06m 34.01s -32◦ 02′ 07.08′′ 4.14 13
9519743 18h 03m 45.79s -32◦ 20′ 08.52′′ 4.14 14
9517171 06h 43m 53.4s +00◦ 11′ 10.34′′ 14.5 4.14 15
3316259 06h 42m 36.03s -30◦ 42′ 56.1′′ 12.0 4.15 1
1311297 04h 42m 27.14s -54◦ 25′ 10.5′′ 12.5 4.15 2
1260144 06h 22m 39.33s -55◦ 07′ 13.1′′ 13.2 4.15 3
2532175 15h 38m 51.73s -39◦ 54′ 46.3′′ 13.5 4.15 4
3305889 12h 09m 56.1s -30◦ 50′ 05.8′′ 13.0 4.15 5
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intrinsic properties of stars and their environment. We plan to address this possibility
in future classification studies.


































































Figure 4.13: Same as Figure 4.5 but based on results from the specific search for young/active stars.
Examples for Hα/Hβ emission category are displayed.
A new category Lithium absorption is defined to account for spectra which display
varying equivalent widths of the 7Li line, from weak to very strong absorptions, as
shown in Figure 4.15. Significant 7Li absorption sometimes accompanies spectra in
the Hα/Hβ emission categories as evident from Figure 4.13.
The categories in this section are listed in Table 4.3, along with the SIMBAD
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Figure 4.14: Same as Figure 4.13 but for the categories Hα/Hβ emission superimposed on absorption,
Hα/Hβ inverted P-Cygni, and Hα/Hβ P-Cygni. From bottom to top in panels, each category
features five examples of spectra.
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Figure 4.15: Same as Figure 4.13 but for the Lithium absorption category.
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Table 4.3: Same as Table 4.1 but for the specific projection map produced in the search for
young/active stars (see Section 4.5). The categories binary stars, Hα/Hβ emission, and problematic
are already defined in Section 4.4, while the others are described in Section 4.5.
Category N Main type Other types
Binary stars 1428 Star in Cluster (5), Vari-
able Star of RR Lyr type
(3), Eclipsing binary of Algol
type (detached) (2), Variable
Star (1), Rotationally variable
Star (1)
Infra-Red source (178), Vari-
able Star (6), Star in Cluster
(5), Rotationally variable Star
(4), Variable Star of RR Lyr
type (3)
Hα/Hβ emission 135 Rotationally variable Star (2),
High proper-motion Star (1),
Double or multiple star (1),
X-ray source (1), Infra-Red
source (1)
Infra-Red source (19), X-ray
source (7), Variable Star (4),
Rotationally variable Star (3),
High proper-motion Star (3)
Hα/Hβ emission superim-
posed on absorption
479 Star in Cluster (5) Infra-Red source (8), Star in
Cluster (5)
Hα/Hβ P-cygni 18 Variable Star (1) Variable Star (1), Rotationally
variable Star (1), Infra-Red
source (1)
Hα/Hβ inv. P-cygni 345
Lithium absorption 664 Red Giant Branch star (6),
Rotationally variable Star (5),
High proper-motion Star (1),
Spectroscopic binary (1), Pre-
main sequence Star (1)
Infra-Red source (173), X-
ray source (8), Rotationally
variable Star (6), Red Giant
Branch star (6), Pre-main se-
quence Star (6)
Problematic1 1902 Infra-Red source (174)
1 A large fraction of such spectra are recoverable (see text).
classes which indicate the connection between the youth and activity of stars and the
observed Hα/Hβ multicomponent profiles and prominent lithium absorption.
4.6 Visualisation - t–SNE Explorer
The t–SNE or Galah Explorer is an interactive web application developed for
members of the Galah collaboration that provides a visualisation of the “feature” based
distribution of spectra in the t–SNE projection map. It is based on the RAVE Explorer
developed by Gal Matijevič, to whom we thank for introducing such interactive tool
into stellar spectroscopy and making the basic code available for the now ongoing
improvement and evolution of the Galah Explorer. The basic view (an annotated
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screenshot is in Figures 4.16 and 4.17) contains:
t–SNE map similar to those in Figures 4.2 and 4.3. The map is split into hexagons
which are colour coded based on average values of parameters of contained
datapoints.
Large hexagonal frame that displays datapoints of a selected hexagon from the map,
where each datapoint is colour coded depending on selected numerical or
descriptive (e.g. classification) parameters.
List of parameters which can be chosen for colour coding the map, while the indi-
vidual values for all parameters are always displayed for the currently selected
datapoint. Any supplementary information on the corresponding object (star)
can also be displayed together with a link to Simbad and Vizier matches.
Plotting area with four panels corresponding to the four Galah spectral bands, where
the median and the dispersion of normalised fluxes of all spectra of the currently
selected hexagon is displayed, over-plotted with the currently selected datapoint
(spectrum).
Search fields where the user can search by Galah identifier or other parameter values
or labels available in the Galah database of reduced spectra. This immediately
selects and displays the matching object.
The presented segments of the Galah Explorer enable the user to locate specific
areas of interest in the map that feature characteristic values of parameters. It is
also possible to search for a specific object using e.g. its unique identifier. Once
selected, the user can inspect its morphological vicinity (parent hexagon) with the
neighbouring spectra, using statistical plots to evaluate their similarity.
The (briefly) described functionality offers a very powerful and useful way of
reviewing any kind of a dataset, locating and exploring its inherent structure in feature
space and detecting outliers. Many different projection maps can be incorporated into
the Galah Explorer together with different DBSCAN modes for an efficient selection
and identification of distinct morphological collections of spectra. The tool is available
on the Galah official website at http://galah-survey.org.
4.7 Discussion
We have demonstrated that t–SNE can be used as an efficient tool for discovery of
diverse spectral features and classification of stellar spectra. By projecting the Galah
dataset onto a two–dimensional space it is able to preserve and visually reveal its
complex morphological structure. Although not tested on our sample of spectra, it was
shown by van der Maaten and Hinton (2008) that t–SNE is far superior in its domain,
putting emphasis on (1) modeling dissimilar datapoints by means of large pairwise
84
Figure 4.16: Left part of the Galah Explorer as displayed in a web browser, containing the main
t–SNE map, large hexagonal frame, list of parameters to choose for color coding and the search
field. This is complemented by the right part with the plotting area shown in Figure 4.17. The
projection map corresponds to the one in Figure 4.4, although with different labelling and coloring
due to the interactive work with the interface.
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Figure 4.17: The plotting area of the Galah Explorer as described in Section 4.6, the continuation
of Figure 4.16. Plots of spectra in four Galah wavelength bands are featured for an example of an
SB2 spectrum.
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distances, and (2) modeling similar datapoints by means of small pairwise distances,
which is not obvious for other non–linear dimensionality reduction techniques and
even less so for the linear ones.
The complexity of spectral morphologies in principle increases with increasing
wavelength range. In this respect, Galah, with its four spectral bands, surpasses many
other spectroscopic surveys. Consequently, this makes the task of classification more
difficult because spectral features can appear differently and from different effects in
each band (wavelength-dependent markers of physical processes, reduction issues,
hardware malfunction, different optical paths, etc.).
Our classification procedure can accept any arbitrary spectral ranges selected by
the user, which (1) enables an emphasis on the particular physics we are interested
in, and (2) removes possibly unwanted influences from strong features in other
parts of the spectrum, which can complicate classification of the desired types of
objects. These advantages were demonstrated with the specific projection in Section
4.5, selecting only narrow regions of Hα, Hβ, and 7Li for the search of young, active
stars. Many detections of such objects were not possible with the first projection as
the full spectral information along with strong problematic features, e.g. in the IR
band, concealed those in other bands. For the same reason, we might miss some
interesting morphological categories with weaker characteristic features hidden by
stronger ones. The specific projection map yielded new candidates for three already
defined categories from the general map, while also providing four new categories,
validating the principle of exploiting different t–SNE set–ups to select the best (or
several) projection maps for classification purposes.
The search for peculiar objects and the classification presented here is not exhaus-
tive or absolutely representative of the whole dataset. It is limited by and reflects
our choice of the t-SNE and DBSCAN algorithms that form the basis of our analysis,
the selection of their parameters, our iterative approach, and the spectral range used
in each of the steps of our classification scheme. In this respect, we recognise only
the most prominent features revealed by the selected classification set–up, which
further define 10 distinct categories listed in Tables 4.1 and 4.3, containing a total of
31,050 spectra (28,579 unique targets). We acknowledge the possibility of establishing
additional categories of exotic spectra in the Galah dataset, and this will be explored
in future studies.
Using more than one projection map, possibly produced by different input selected
spectral ranges, or simply using different DBSCAN modes, it can happen that the
same spectrum is assigned to more than one category, due to the previously discussed
reasons. Additional factor contributing to such cases are morphologically similar
features, such as double lines from binary stars and emission superimposed on
absorption. These might be located close in the projection space, with a possible
overlap region. Spectra with more than one category can be easily identified in the
catalogue (Table A.6) as having values for both general and specific classification
fields.
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The novel dimensionality reduction technique t–SNE is capable of representing
astronomical spectra in a low dimensional space where their morphology and hidden
features can be efficiently discovered and studied. This was shown with an effective
classification of the largest astronomical high-resoluton spectroscopic dataset so far,
comprising 209,533 spectra with each containing 13,600 values of flux. All data
products along with the t–SNE Explorer will be publicly available in the coming
data releases. The source code is freely available on–line, and our custom procedure
for classification is easy to adapt to different spectroscopic or other astronomical
datasets. The work presented in this chapter will facilitate further investigation
and understanding of the still–growing Galah dataset and enable focused studies of
distinct categories of objects (e.g. binary stars).
Although the study of peculiar stars presented here made use of external sources,
it is not dependent on them and they serve mostly to support this proof of concept
for classification of a wide variety of astronomical data.
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5
Tyc 5227-1023-1 – possible member of the
Aquarius stream3
The aim of this chapter is to present a thorough analysis of the newly identified and
metal poor eclipsing binary Tyc 5227-1023-1. This system of two stars in revolution
around the common centre of mass has strong connections to the two previous chap-
ters. On one hand it is an unresolved binary and therefore its spectrum contains
double lines from both stars, making it effectively one of the peculiar types of spec-
tra/stars as discussed above. On the other hand, the motivation for its investigation
is based on the suggestion that it might be a member of the Aquarius stream, one
of the disrupted ancient structures and building blocks of our Galaxy, which are the
focus of investigation of many all-sky surveys in the field of galactic archaeology,
among them GES and Galah. The study of individual members of such structures
offers specific and generally more accurate determination of their properties, most
notably the distance and chemical abundances.
5.1 Introduction
Stars are the main baryonic building blocks of galaxies, and since multiplicity
is known to be common in the general stellar population (Duquennoy and Mayor,
1991; Abt and Willmarth, 1999; Sommariva et al., 2009; Raghavan et al., 2010; Postnov
and Yungelson, 2014), the wealth of information provided by multiple and especially
3Partially adapted from Traven et al. (2017b) which is freely available at
https://arxiv.org/abs/1705.05846.
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binary systems contributes heavily to our understanding of galactic structure and
evolution. Multiple systems not only play a key astrophysical role over the whole
Hertzsprung-Russell (HR) diagram, but also facilitate determination of all important
physical parameters such as masses, radii, temperatures, luminosities, and distance
(Torres et al., 2010; Brogaard et al., 2011, 2012).
The unique geometrical properties of double-lined eclipsing binaries (SB2 EBs)
make them forerunners in the quest to obtain accurate fundamental properties of
stars, first of all masses and radii, using a minimum of theoretical assumptions and
modelling (Munari et al., 2004; Torres et al., 2010). Given that the component stars
have the same age and initial chemical composition, eclipsing binaries represent a
formidable benchmark for the validation of the current generation of stellar evolu-
tionary models (Andersen, 1991; Lastennet and Valls-Gabaud, 2002 and references
therein).
The photometric variability of eclipsing binary Tyc 5227-1023-1 (RA: 22 00 52.6
DEC: −03 42 12.4, J2000) was first noted by Munari et al. (2014b) who reported about
180 new field variables discovered as a by-product of the search for RR Lyr variable
candidate members of the Aquarius stream (Munari et al., 2014a).
The RAVE Survey enabled the discovery of the Aquarius stream by Williams
et al. (2011), describing a chemically coherent structure that originates from the tidal
disruption of a 12-Gyr-old [α/Fe]-enhanced globular cluster of low metallicity ([Fe/H]
= −1.0; Wylie-de Boer et al., 2012). The stream appears to be on a trajectory toward
the solar neighbourhood from the direction of Aquarius. The velocity of the infalling
stream members increases as they reach the disk of the Galaxy, from −160 to −210
km s−1, with smaller velocities pertaining to the most distant known members at
about 3 kpc, and larger ones for those closer to us at about 1 kpc. However, fitting the
stellar parameters of stream members to isochrones produces only a crude estimate
for their distance. It is therefore important to identify more members and derive
robust distances to them, thus enabling the reconstruction of the stream’s Galactic
orbit and 3-dimensional shape, along with constraining the Galactic gravitational
potential in the solar vicinity.
The scarce epoch photometry available to Munari et al. (2014b) did not allow us
to classify the type of variability exhibited by Tyc 5227-1023-1. We initially acquired
some additional photometric data that suggested it to be an eclipsing binary, and an
exploratory high-resolution optical spectrum proved it to be a double-lined binary of
low metallicity. This immediately boosted our interest in the object, and a full-scale
observing campaign was initiated that aimed to obtain an accurate orbital solution
and therefore a geometrical distance to Tyc 5227-1023-1. Accurate orbital solutions
for high Galactic latitude, metal poor binaries are rare, and this alone could justify
the present investigation. Should our target turn out to be a member of the Aquarius
stream, this would further boost the interest in it.
90
Table 5.1: CCD photometry in the Landolt V and SLOAN i′ bands of Tyc 5227-1023-1. The
columns give the heliocentric JD (−2456000), the orbital phase and the magnitudes with their
uncertainties. Table 5.1 is published in its entirety only electronically (http://iopscience.iop.org/0004-
637X/839/1/52/suppdata/apjaa6985t1_mrt.txt), and a portion is shown here for guidance regarding
its form and content.
HJD Phase V err i′ err
841.560 −0.5657 11.920 0.012 11.655 0.009
842.532 −0.3400 11.924 0.006 11.649 0.005
842.574 −0.3302 11.924 0.003 11.643 0.005
850.545 −0.4792 11.974 0.008 11.693 0.007




CCD photometry in the Landolt V and SLOAN i′ bands of Tyc 5227-1023-1 has been
obtained and reduced by S. Dallaporta, A. Frigo, and G. Cherini, using the ANS
(Asiago Novae and Symbiotic stars) Collaboration telescope N. 36, which is a 0.30 m
Ritchey-Cretien telescope located in Cembra (Trento, Italy). It is equipped with an
SBIG ST-8 CCD camera, 1530×1020 array, 9 µm pixels ≡ 0.77′′/pix, with a field of
view of 19′ × 13′. The V and i′ filters are from Schuler and Astrodon, respectively.
The data are given in Table 5.1 (available in full only electronically), where the quoted
uncertainties are the total error budget, combining quadratically the measurement
error on the variable with the error of the transformation from the instantaneous local
photometric system to the standard one, as defined by the local photometric sequence
extracted from the APASS survey (Henden et al., 2012; Munari et al., 2014b) which
is calibrated against the Landolt (2009) and Smith et al. (2002) equatorial standards.
Technical details of the ANS Collaboration network of telescopes running since 2005,
their operational procedures, and sample results are presented by Munari et al. (2012).
A detailed analysis of the photometric performances and measurements of the actual
transmission profiles for all of the photometric filter sets in use is presented by
Munari and Moretti (2012). All measurements on Tyc 5227-1023-1 were carried out
with aperture photometry, the long focal length of the telescope, and the absence
of nearby contaminating stars not requiring the use of point-spread function (PSF)
fitting.
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Figure 5.1: Our VJ , i′, i′-model, VJ-model, VJ - i′ and radial velocity data of Tyc 5227-1023-1. In
the radial velocity panel, the open circles indicate the hotter and more massive star 1, while the
solid circles pertain to the cooler and less massive star 2. The RV values for the PH0 spectrum are
not plotted, while RV values rejected from the solution (see Section 5.3) are marked by x’s. The




Spectra of Tyc 5227-1023-1 were secured in 2015–2016 by G. Traven and U. Munari
with the échelle+CCD spectrograph mounted on the 1.82 m telescope operated by
Osservatorio Astronomico di Padova atop Mt. Ekar (Asiago). The instrumentation
and observing setup match those described by Siviero et al. (2004), to which we refer
for details of the observing mode. Here we recall that the 3600− 7400 Å wavelength
region is covered in 30 orders at a resolving power of 20,000. A journal of the
observations is given in Table 5.2 for 26 obtained spectra with exposure times of 1200,
1800, and one of 2700 s, which provide a moderate SNR while avoiding smearing due
to the orbital motion (1500 s corresponds to less than 2 % in orbital period). The first
spectrum listed in the table was recorded practically at zero phase (hereafter the PH0
spectrum) and was used to measure the systemic velocity and as a template for radial
velocity (RV) measurements.
The spectra have been extracted and calibrated in a standard fashion with IRAF.
The wavelength solution has been derived simultaneously for all 30 recorded échelle
orders, with an average rms of 0.32 km s−1.
5.2.3 Systemic velocity
The systemic velocity of Tyc 5227-1023-1 is measured on the PH0 spectrum. The fxcor
routine in IRAF is applied to 22 échelle orders #34-55 [4000− 6700 Å], using a similar
synthetic spectrum selected from the Munari et al. (2005) synthetic spectral atlas
computed at the same 20,000 resolving power as the échelle scientific spectra. The
average value of the systemic radial velocity is −62.47 km s−1 with the uncertainty
of 2 km s−1 (see Table 5.3). This value is later adjusted by the orbital solution (see
Section 5.3.5).
5.2.4 Radial velocities
We use TODCOR, a two-dimensional cross-correlation algorithm (Zucker and Mazeh,
1994), to derive the radial velocities. This technique obtains Doppler shifts of both
stellar components simultaneously by employing a multiple-correlation approach,
producing at the same time their intensity ratio. We apply it to the 22 échelle orders
#34-55 covering the 4000− 6700 Å range. Each order is trimmed 25 % at both ends,
corresponding to a redundant region where adjacent orders overlap. The lower
instrument response in these end regions leads to (1) degradation of the wavelength
solution accuracy, (2) poorer S/N, and (3) a steeper continuum since normalisation to
unity is more difficult. Retaining only the central 50 % of each order alleviates these
issues.
The PH0 spectrum was used as the template for TODCOR in deriving radial
velocities. The reason for using a larger number of orders than what is detailed in
Siviero et al. (2004) is the lower S/N of spectra in this study, resulting in some of
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Table 5.2: Heliocentric radial velocities (km s−1) of Tyc 5227-1023-1 (electronic version at
http://iopscience.iop.org/0004-637X/839/1/52/suppdata/apjaa6985t2_mrt.txt). The columns give
the spectrum number (from the Asiago échelle log book), the heliocentric JD (−2457000), the
orbital phase, exposure time (sec), the radial velocities of the two components in km s−1 and the
corresponding uncertainties. The last column gives the S/N of the spectrum (per pixel) averaged
over the wavelength range considered in the radial velocity analysis. Listed in the last six rows are
RV values which are rejected from the solution (see Section 5.3).
# HJD Phase t Star 1 Star 2 <S/N>
RV err RV err
56808 326.289 0.9999 1800 23
56836 327.282 0.2305 1800 -73.0 1.6 85.7 2.0 31
56891 328.284 0.4631 1800 -14.9 1.9 14.9 4.8 28
56953 329.326 0.7052 1800 71.7 1.0 -80.7 1.0 31
56986 330.232 0.9155 1800 39.5 1.6 -39.9 2.1 32
57011 350.280 0.5711 1800 36.3 4.1 -31.4 6.1 22
57277 380.225 0.5251 1200 16.2 2.0 -5.5 2.1 20
58030 586.577 0.4450 1800 -23.5 1.8 32.2 5.1 22
58053 587.555 0.6721 1200 65.2 2.3 -73.3 2.1 16
58055 587.572 0.6760 1200 68.1 1.5 -75.5 3.0 17
58057 587.589 0.6799 1200 67.2 1.4 -78.3 3.5 18
58074 588.550 0.9032 2700 45.7 1.3 -44.6 2.5 31
58592 736.222 0.1959 1800 -69.3 1.5 81.5 1.9 18
58593 736.244 0.2011 1800 -67.8 2.0 84.5 3.8 23
58594 736.266 0.2062 1800 -69.3 1.5 83.6 2.8 24
58666 738.234 0.6633 1800 67.3 1.9 -69.7 2.8 26
58667 738.257 0.6687 1800 68.6 1.1 -68.2 1.7 26
58710 739.205 0.8889 1800 50.4 2.5 -49.6 2.5 24
58712 739.231 0.8948 1800 48.4 1.5 -49.9 2.1 26
58799 741.231 0.3592 1800 -55.2 1.9 63.9 11.1 19
57068 351.312 0.8107 1800 74.6 1.6 -74.9 1.8 18
57337 384.221 0.4530 1800 -25.4 2.1 21.7 3.4 25
58120 590.574 0.3732 3600 -38.7 2.6 61.2 2.6 24
58753 740.218 0.1239 1800 -46.2 1.8 53.8 1.8 23
58755 740.242 0.1295 1800 -50.7 1.5 49.3 1.5 25
58757 740.265 0.1349 1800 -52.1 1.5 55.6 8.5 22
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the solutions from arbitrary orders being invalid (e.g. both radial velocities being
either larger or smaller than the systemic velocity). The radial velocity values from
individual orders are also rejected if they lie outside the 2.5 σ of their distribution,
which removes the remaining anomalies. On average, results from 12 orders out of 22
are kept, and the final values of radial velocities are summarized in Table 5.2. The
mean uncertainty of values used in the orbital solution (see Section 5.3) is 3.32 km
s−1 for star 2 (the fainter of the two) and 1.81 km s−1 for star 1. The small variations
in the temperature of the template do not have a significant effect on the TODCOR
results.
5.3 Orbital solution
A simultaneous spectroscopic and photometric solution for Tyc 5227-1023-1 was
obtained with the PHOEBE 0.31 code (Prša and Zwitter, 2005a,b) which is based on
the models of Wilson and Devinney (1971) and Wilson (1979). Orbital modelling
was performed using the detached binary system option in PHOEBE, appropriate
for our case. The solution of the binary system is obtained following the Bayesian
approach to parameter estimation, employing a Markov chain Monte Carlo (MCMC)
Ensemble sampler emcee (Foreman-Mackey et al., 2013). At each step in the surveyed
parameter space, a PHOEBE orbital solution is computed, with the initial starting
point randomly determined from uniform priors. The effective temperature of star 1
and the metallicity for both stars are determined and fixed in an iterative procedure
of combining results from (1) the orbital solution, (2) available photometric data, and
(3) atmospheric analysis (see Section 5.3.2, 5.3.3, and Table 5.3), while the remaining
parameters of the binary system are adjusted. A logarithmic law for limb-darkening is
assumed using the native PHOEBE limb darkening tables for the appropriate Teff, log
g, and [M/H], computed per passband. The RV measurements outside the 2.5 σ of
their distribution around the solution are iteratively rejected and are listed as the last
six rows of Table 5.2 and marked in Figure 5.1. In row order, the first five of these are
rejected after the first orbital solution converges, the last one after the second solution,
and none are rejected after the third (final) solution. The solutions converged after ∼
7000 MCMC iterations employing 256 walkers. For check and completeness, we rerun
full orbital solutions also with linear and square-root limb-darkening laws as well
as for metallicities [M/H]=[M/H]fixed ± 0.2. The response of the orbital solution to
these changes was minimal, with orbital parameters not varying by more than their
uncertainties.
5.3.1 PHysics Of Eclipsing BinariEs
In this study, the modelling software PHOEBE (version 0.31) was coupled with MCMC
sampling technique for the purpose of Bayesian parameter estimation. This is a step
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Table 5.3: Orbital solution (overplotted to observed data in Figure 5.1) and atmospheric parameters
from the χ2 fit to synthetic spectra for Tyc 5227-1023-1. For parameters derived by PHOEBE
(Orbital solution), uncertainties from posterior distributions are reported (see Figure 5.2), whereas
for others, as well as for the distance to the system, we state the most reliable and propagated
uncertainty estimates. T1 is derived from photometry and fixed in the orbital solution which adjusts
only the difference T1 − T2 (in this case the ratio of both temperatures). Propagation of the
uncertainty of T1 onto other derived properties and general remarks on results in this table are
discussed in Section 5.4.
Photometric temperature
T1 (K) 6350 ± 200
Atmospheric analysis
T2 (K) 5923 ± 213
[M/H] -0.63 ± 0.11
Systemic velocity
Vsys (km s−1) -60.35 ± 3
Orbital solution
P (day) 4.306192 +0.000004−0.000004
T0 (HJD) 2457003.3261 +0.0002−0.0002
K1 (km s−1) 74.4 +0.5−0.5
K2 (km s−1) 84.7 +0.7−0.7
a (R) 13.5379 +0.0681−0.0644
Vγ (km s−1) 2.12 +0.34−0.34





T1 - T2 (K) 403 +7−7
Ω1 10.63 +0.05−0.04
Ω2 13.23 +0.16−0.16
r1 (R1/a) 0.1026 +0.0005−0.0005
r2 (R2/a) 0.0721 +0.0007−0.0006
R1 (R) 1.388 +0.010−0.010
R2 (R) 0.977 +0.011−0.009
M1 (M) 0.9560 +0.0167−0.0155







log g1 (cgs) 4.13 +0.01−0.01
log g2 (cgs) 4.38 +0.01−0.01
distance (pc) 496 ± 35
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towards PHOEBE 2.0 (Prša et al., 2013; Bloemen et al., 2013; Prša et al., 2016) where
many aspects of binary modelling are fundamentally changed. This new version
of the software was released just recently (Prša et al., 2016) and features MCMC
fitting by default, succeeding and complementing other minimization techniques (DC,
Nelder & Mead’s Simplex, gradient descent). It is capable of modelling single stars,
all types of binaries, planetary systems, and hierarchical multiples by employing
a novel mesh with adaptive subdivision together with new physics (pulsations,
beaming/boosting, Roemer delay, etc.) and handling additional observables besides
LC and RV curves (Conroy et al., 2013; Hambleton et al., 2013). PHOEBE 2.0 aims
to become a flexible, modern framework that will (1) meet the requirements for
ultra-high precision modeling, and (2) allow for easy and convenient expansion of
the feature-set, or in the words of the authors, “PHOEBE should be able to model an
UFO eclipsing a Ferrari”.
5.3.2 Effective temperature of the primary star
An initial estimate of the spectral type of Tyc 5227-1023-1 was done by visual com-
parison of a low-resolution spectrum to the spectral classification standard stars and
evaluated to G2V (5860 K)–G3V (5770 K). The temperatures are taken from Bertone
et al. (2004) ATLAS results for dwarfs, and the low-resolution spectrum was obtained
with the Asiago 1.22m telescope + B&C spectrograph. However, considering the low
metallicity, which could have affected the spectral classification in this part of the HR
diagram, we prefer to rely on the B−V colour index, for which high-quality direct
Teff calibrations exist, while they are missing for V − i′.
We obtain the Teff for star 1 with the transformation of Tycho photometry to the
Johnson system following Bessell (2000). The uncertainties of the Tycho BT and VT
are 0.32 and 0.27 (Høg et al., 2000), indicating the dispersion of the measures due
to Tyc 5227-1023-1 being a variable with amplitude > 0.3 mag, but this does not
reflect into a wrong mean value4. The reddening from Section 5.3.4 is used to derive
(B−V)0 = (B−V)− EB−V = 0.55− 0.053 = 0.497. With star 1 slightly evolved from
the main sequence (see Table 5.3 and Figure 5.3), this translates to T1 = 6350 and the
spectral type of F7IV-V, following Fitzgerald (1970) and Bertone et al. (2004). Taking
into account the colour-Teff relation and its dependence on metallicity, reddening, and
photometric system transformations, the uncertainty on T1 is evaluated to 200 K. The
excellent agreement of the derived temperatures with the position of the stars on the
isochrones and evolutionary tracks in Figure 5.3 confirmed for us the choice of T1.
4We have checked the soundness of BT −VT = 0.59 reported in the Tycho catalogue by imaging the
field around Tyc 5227-1023-1 (observation outside of eclipse), including other Tycho stars for comparison,
whereby deriving a value of BT −VT = 0.55± 0.06 which is in good agreement with the one from the
catalogue.
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5.3.3 Atmospheric analysis
Considering the moderate S/N of our échelle spectra, it is not feasible to resolve
the degeneracy among the stellar parameters by means of synthetic spectral fitting.
Nevertheless, we use a straightforward atmospheric analysis, performing a simulta-
neous χ2 fitting of both components together with the constraints from the orbital
solution to derive the metallicity of both stars and to check their rotational velocities
for orbital/rotational synchronisation. This is done on the two most appropriate
scientific exposures close to quadrature (56953 and 56836 in Table 5.2), using the
synthetic atlas of spectra (Munari et al., 2005). For a more reliable convergence, only
six adjacent échelle orders (#40-45) that cover the wavelength range 4890-5690 Å were
selected for their position close to the optical axis of the spectrograph where optical
quality is the best and the S/N reaches peak values. Before fitting, each order was
trimmed so as to retain only the central 25 %, where the instrumental response and
PSF sharpness are the best, providing a measured average resolving power of 18,000.
The temperature of star 1 is derived from photometry as described in Section
5.3.2, while the appropriate grid of temperatures for star 2 and metallicities, obtained
with linear interpolation, was chosen (Tstep = 10 K, [M/H]step = 0.05). The low
reddening and the similarity of the two stars allow us to set the luminosity ratio
(L2/L1 = 0.38) and the surface gravities as given by the orbital solution. Fixing the
synchronised rotational velocities based on the orbital solution always produces a
better fit. The results of atmospheric analysis therefore support the claim of rotational
synchronisation and provide metallicity as the fundamental parameter of the system
along with the temperature of star 2.
5.3.4 Reddening and distance
To derive the photometric temperature of the system and compute the distance to
Tyc 5227-1023-1 from the orbital solution, reddening is evaluated by adopting the
statistical 3D approach of Munari et al. (2014c), which works particularly well for the
region of Aquarius. This model is essentially based on a homogeneous slab of dust
extending for 140 pc on either side of the Galactic plane, causing a reddening of EB−V
= 0.036 at the poles. We obtain the first distance estimate by neglecting the reddening
and using only a bolometric correction for star 1 (BC1 = −0.006) and star 2 (BC2 =
−0.052). After confirming that our system is well beyond the region of dust in our
model, a color excess EB−V = 0.053 is determined and used in the standard AV =
EB−V × 3.1 reddening law. The bolometric correction is calculated in iteration with
the derived temperatures of both stars, employing the prescription from Torres (2010).
Using the above values, the final distance is computed together with the rest of the
parameters in the orbital solution with PHOEBE.
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5.3.5 Physical parameters
Final values of parameters with the most reliable uncertainty estimates for Tyc 5227-
1023-1 binary system are given in Table 5.3. Although the systemic velocity Vsys is
measured on the PH0 spectrum, used as a template for TODCOR to derive radial
velocities of other spectra, the Vγ parameter was nevertheless left free to be adjusted,
due to the uncertainty in the Vsys determination. In the final solution, Vsys is corrected
for the value of Vγ.
To sample the convergence and achieved minimum of the χ2 fit in atmospheric
analysis, we retain the best 50 results, yielding the temperature of star 2 (5923 ±73
K) and metallicity (-0.63 ±0.02). All system parameters are well constrained by the
orbital solution in Table 5.3, with formal accuracies of 1.7 and 1.5 % on the masses
and 0.8 and 1.1 % on the radii. The synchronized rotational velocities of the two stars
would be 16.3 and 11.5 km s−1. The temperature of star 2 (T2 = 5947 K) is in good
agreement with that from the χ2 atmospheric fit (4T2 = 24 K).
The posterior distributions of parameters adjusted in the PHOEBE orbital solution
with MCMC are plotted in Figure 5.2. Because of their compact representation in the
triangle plot and for easier viewing, only the most interesting ones are shown. The
values of these parameters in Table 5.3 and their uncertainties are determined from
the 16th, 50th, and 84th percentiles of their distributions.
5.3.6 Comparison with theoretical stellar models
We compare the physical parameters from the orbital solution of Tyc 5227-1023-1 with
Padova theoretical models (Bressan et al. (2012); Tang et al. (2014), and references
therein). The position of the two components on the L, Teff plane is presented in
Figure 5.3, where a comparison is provided with isochrones and evolutionary tracks
appropriate for the masses (0.96 and 0.84 M) and metallicity ([M/H] = log Z/Z =
−0.63, where Z = 0.0035 and Z = 0.0152) of the system components, while rotations
of the stars are not taken into account. They have been obtained via interpolation
over the grid computed by the Padova theoretical group. The agreement between
theoretical models and the more reliable solution for star 1 (the primary) predicts the
binary’s age of about 7 Gyr.
5.4 Discussion
The physical parameters of Tyc 5227-1023-1 suggest that both components of the
binary system have already slightly evolved from the main sequence. We are able to
derive masses and radii of both stars to formal accuracies of 2 % or better. However,
we note that while the formal accuracies of the orbital solution are excellent due to
the very high quality photometric data and reasonably accurate radial velocities, there
are other factors that have to be taken into account. The comparison of the orbital
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Figure 5.2: The parameter distributions include all values of 256 walkers for the last 1000 iterations
after convergence of the orbital solution. The tiles visualize parameter posteriors (diagonal) and
parameter correlations (lower left). Dashed lines in posteriors represent the 16th, 50th, and 84th







































Figure 5.3: Comparison of both stars’ temperature and luminosity as given in the orbital solution
(cf. Table 5.3) with those produced by theoretical stellar models. Plots contain Padova theoretical
isochrones and evolutionary tracks, which have been derived by interpolating adjacent points from
the computed grid (0.8− 0.85 and 0.95− 1 M, and 0.002 and 0.004 for Z). Open circles denote
the hotter and more massive star 1, whereas solid circles refer to the cooler and less massive star
2. The age on the evolutionary tracks is marked in Gyr. The error bars on star 1 indicate the
uncertainty of photometric evaluation for T1, while those on star 2 are slightly larger due to the
additional uncertainty from the orbital solution for T2.
solution to photometry data in Figure 5.1 shows a slight asymmetry in the region
of the minima, which could be explained by the inclusion of third light in the fit,
the atmospheric conditions and calibration of photometric observations at different
epohs, or by the actual activity of the stars. A possible third body in the system might
also contribute to the time variations in the light curve. All these effects can influence
the radii determination given in Table 5.3 and increase their uncertainty. We also
investigate other contributions to the uncertainty on the masses from Table 5.3 by (1)
fixing the eccentricity to zero; (2) removing all but a few photometry data points from
the fit, so as to not have the solution affected or driven primarily by the light curve;
and (3) removing the offset to the RV of the system (Vγ parameter) from the fit, where
Vsys is determined from the PH0 spectrum. In the first two cases, the uncertainty on
masses determined by the MCMC procedure is almost the same, whereas the change
in value of both masses is much less than their uncertainty given in Table 5.3. The
third case, however, produces a significant effect of reducing the primary’s mass by 1
σ compared to the value given in Table 5.3.
Some of our results are furthermore affected by uncertainties in evaluating the
bolometric correction, reddening, and especially the primary’s (star 1) effective
temperature, which was determined with colour-Teff relations. In this respect, the
uncertainty for the distance given by the PHOEBE orbital solution (±3 pc) has to be
corrected for the fact that T1 is evaluated with an accuracy of ±200 K, yielding a final
uncertainty on the distance to the system of ±35 pc. The atmospheric analysis (Section
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5.3.3) is likewise affected by the temperature uncertainty, producing higher metallicity
values for increasing temperatures and lower values for decreasing temperatures.
The propagated uncertainty on metallicity (±0.11) is therefore larger than the one
given in Section 5.3.3. Taking the uncertainty on both temperatures and metallicity
into account, the position of the stars on evolutionary tracks would shift significantly,
producing an uncertainty in age of ±1 Gyr, with a younger age corresponding to
lower temperatures and metallicity. However, the comparison to theoretical models
becomes much less reliable when scaling these parameters by their uncertainty.
Observationally, the binary system with its visual magnitude V = 11.86 is rela-
tively faint for our instrument and would necessitate much longer exposure times
to reach higher values of S/N. This was not feasible for several reasons, including
the position on the sky at the time of observations. The observed object was often
relatively low above the horizon, reaching only 40◦ at culmination. Nevertheless,
there is good agreement between the atmospheric analysis and the orbital solution
by PHOEBE, where the photometrically derived spectral type and the temperature
of the primary are supported by theoretical stellar models. Therefore, we are able to
present a reliable solution of the system, together with the estimate of its distance
at 496 pc and a conservative age of 7 Gyr, based on the primary star’s position on
isochrones and evolutionary tracks, where the 1 mag fainter secondary is expectedly
less well constrained.
There is an indication of alpha enhancement in our spectra, complying with the
properties of the Aquarius stream and the thick disk, but it is detected only when
extending the synthetic spectral analysis toward bluer wavelengths, where the results
for other parameters become less reliable due to lower S/N. Nevertheless, the systemic
velocity (−60 km s−1), metallicity (−0.63), and age (≈ 7 Gyr) of Tyc 5227-1023-1 differ
from those assigned to members of the Aquarius stream (−240 < RV < −160 km s−1,
[M/H] = −1.0, age ≈ 12 Gyr), so despite the possibility of a partnership to this tidally
disrupted structure, which was among the initial drivers for this study, the results of
the modelling and atmospheric analysis with χ2 fit in the end disprove it.
Tyc 5227-1023-1 has consistent chemistry but relatively high velocity with regard
to the thick disk (typical velocity dispersion σz ≈ 34 km s−1, Sharma et al. (2014)),
whereas it would kinematically comply well with the galactic halo, although being
on the metal-rich end of halo stars, reminiscent of the recently discovered metal-rich
halo star born in the Galactic disk (Hawkins et al., 2015). In the latter proposition,
however, the dynamical ejection from the thick disk into the halo does not seem likely,
due to this system’s mass and binary nature.
The first official release of Gaia data (DR1; Gaia Collaboration et al. 2016) for stars
from the Tycho catalogue gives a parallax measurement of 2.11± 0.8 mas (473± 180
pc), which is in very good agreement with our result on the distance to the system
(496± 35 pc). Using the numerical integrator NEMO (Teuben, 1995; Barnes et al.,
2010) and the results presented in this work complemented by the Gaia astrometric
solution (pmRA = 47.67± 2.98 mas yr−1, pmDE = −8.1± 1.44 mas yr−1, both values
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consistent with UCAC5 – Zacharias et al., 2017), we derive a highly eccentric orbit
(e ≈ 0.77, i ≈ 7◦), having the pericenter and apocenter at 1.1 and 8.6 kpc, respectively.
For this approximate orbit evaluation, the maximum height above the galactic plane




Conclusions and future prospects
The exponential increase in observational data seen in the last decades demands and
allows the development of new approaches in data exploitation. We are beginning
to grasp these new ideas but the transition or better said the adjustment to data
driven science is still ongoing and one of the current hot topics in all branches of
science. In this thesis we have used the traditional approach of modelling the physical
phenomena and comparing our model to observations as well as the reverse process,
where the data itself reveals or indicates the possible underlying physical processes,
that could help interpret our observations. Many great discoveries in astrophysics
happen serendipitously, which is also reflected in this reverse approach of letting
the data tell us what is out there. Even more so, in this new era, we actually aim
for an outcome with big surprises and we expect a certain success due to the vastly
larger amount of data than was never available before. However, one can not go
without the other, so a nowadays indispensable concept of data-driven science is not
a replacement, but a complement to the conventional research process.
Peculiar stars and their observables can amount to significant portions of accumu-
lated datasets which was demonstrated on the case of the GES (36.8 % of Hα emission
stars) and the Galah (14.8 % of peculiar spectra) large scale spectroscopic surveys.
The two methods for automatic analysis of large sets of spectra developed in this
work can be used together or separately, and will be applied to future data releases.
The spectroscopic binary candidates in the Galah dataset confirm the prediction of
improved detection due to the higher resolution of the Galah spectra as compared to
the RAVE survey, however the 2 % detection rate can be greatly improved by a more
focused selection of wavelength regions and other parameters of our classification
procedure. The analysis of the binary system Tyc 5227-1023-1 did not establish its
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membership in the Aquarius stream stellar population, however, we confirmed that
its intriguing properties merit a more detailed investigation. We aim to secure a
much higher quality spectra with a more powerful telescope+spectrograph setting,
in order to confirm the low metallicity nature of these two stars and measure their
individual abundances. Such detailed analysis of individual systems combined with
properties of larger sets of multiple stars form surveys like the GES and the Galah
serve as cornerstones of stellar astrophysics, especially in this new era which benefits
from systematic improvements of photometric and spectroscopic observations due
to space-borne photometric missions and ground-based spectrographs dedicated to
finding exoplanets.
The publicly available data, containing the basic results of this thesis, consist of
two large catalogues of peculiar stars (see Section A.4 and A.5) and properties of the
Tyc 5227-1023-1 binary system (see Table 5.3). These results have a wide range of
applications, serving as the basis for future studies of peculiar objects, improvements
in the internal data processing of the GES and the Galah surveys, and providing a
framework for classification and analysis of big data as well as individual objects,
applicable to scientific efforts on datasets outside the scope of the ones used in this
work. A short summary of our results and the outlook for forthcoming studies is
discussed in the following paragraphs.
A semi-automated classification scheme, employing a recently developed di-
mensionality reduction technique t–SNE, enabled us to identify different types of
peculiarities among 209,533 Galah spectra. By studying the complex morphology
of spectra represented in a two–dimensional t–SNE projection map we find that the
majority (178,483) correspond to normal single stars, whereas 31,050 peculiar and
problematic spectra with very diverse spectral features pertaining to 28,579 stars are
distributed into 10 classification categories: Hot stars, Cool metal-poor giants, Molec-
ular absorption bands, Binary stars, Hα/Hβ emission, Hα/Hβ emission superimposed on
absorption, Hα/Hβ P-Cygni, Hα/Hβ inverted P-Cygni, Lithium absorption, and Problematic.
Classified spectra with supplementary information are presented in the catalogue
(see Appendix A.5), indicating candidates for follow-up observations and population
studies of the short-lived phases of stellar evolution.
One such follow-up study is already underway, where we aim to determine the
properties of SB2 systems detected in the Galah dataset, which is a unique opportunity
as this is a population of stars from the general field with an unprecedented combi-
nation of the number and quality of spectra, allowing us to constrain the theoretical
predictions for properties of multiple systems. The analysis will be performed by
first fitting synthetic template spectra for binary stars with an MCMC algorithm,
which will allow us to improve the basic parameters (velocity separation – M vorb, flux
ratio – α) of the preliminary TODCOR results presented in Section B.4.2 and obtain
an initial estimate of the effective temperature (Teff), surface gravity (log g), and
metallicity([Fe/H]). Based on the obtained M vorb and α a learning grid of observed
double-lined Galah spectra for the Cannon model will be built for each SB2 candidate
106
system, and this model will then be used to infer more accurate stellar parameters
of the system’s individual stars. This will serve both to provide new insight into the
possible differences in the chemical composition of the stellar companions as well as
test the limits of the innovative Cannon technique.
The presented t–SNE/DBSCAN classification scheme currently has some draw-
backs, most notably the overwhelming need for computing power which increases
with the amount and dimensionality of the input data. This obstacle was tackled in a
certain way in this work, but can be improved in the future with the adjustment of
the t–SNE code to run in parallel. Another important aspect of the t–SNE algorithm
is that in the form presented here, uncertainties in the data are not taken into account,
but this can be introduced into the process as discussed in Kos et al. (prep).
Although the novel t–SNE method is still facing some challenges, it is successively
finding its use in various domains of astrophysics. In addition to the already men-
tioned studies, one that is well underway by Jofre et al. (2017) is concerned with
finding twin stars which will help us better calibrate the distance ladder by inferring
the distances to field stars (Jofré et al., 2015). Another study by Kos et al. (prep) uses
chemical abundances as high dimensional input vectors for the t–SNE projections,
demonstrating its use for cluster membership assignment as well as discovering new
candidate members of the Pleiades cluster. Finally, our classification scheme together
with the t-SNE Explorer has also been used on the GES dataset, and this functional
tool will be employed on the future data releases of Galah, GES, and possibly various
other datasets, including those beyond spectroscopy.
The properties of Hα emission stars are presented following a search for pe-
culiar spectra in the internal data release of the GES. Due to the vast majority of
detected peculiarities exhibiting Hα emission line, a specific treatment of the line
profile was conducted on the sample of 22035 spectra, largely belonging to stars
in young open clusters. Automated fits using two independent Gaussian profiles
and a third component that accounts for the nebular emission allowed us to discern
distinct morphological types of Hα line profiles with the introduction of a simplified
classification scheme. All in all we find 3765 stars with intrinsic emission, with the
majority of them not yet recognised as such in the literature, and sort their spectra into
eight distinct morphological categories: single–component emission, emission blend,
sharp emission peaks, double emission, P-Cygni, inverted P-Cygni, self–absorption,
and emission in absorption. We have more than one observation for 1430 stars in
our sample, thus allowing a quantitative discussion of the degree of variability of Hα
emission profiles, which is expected for young, active objects.
We present a catalogue of stars with properties of their Hα emission line profiles,
morphological classification, analysis of variability with time, and supplementary
information (see Appendix A.4). Objects with repeated observations demonstrate
that our classification into discrete categories is generally stable through time, but
categories P-Cygni and self–absorption seem less stable, which is the consequence
of discrete classification rules, as well as of the fundamental change in profile shape.
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Similarly, a shift in the derived category for the same spectrum might arise due to
changes in subsequent data releases, such as better continuum determination. The
discrete classification rules are the main limitation of our approach and hard to
overcome, however, they only concern the shift between the intrinsically very similar,
not the contrasting morphologies.
The detection and classification of Hα emission is a valuable part of the data
processing in the GES, also in driving the improvement of the modelling and treatment
of the nebular emission, which is often discussed in the scope of survey observation
strategy. Our analysis partly depends on the assumption that nebular [N II] emission
lines correlate well with Hα emission line and that the nebular emission is smooth
over a certain field of view or across individual clusters, which is an assumption
that might not hold true. The environment of stellar nurseries and the material
surrounding them can be very irregular, thus our analysis would benefit greatly
from better sampled regions around the observed targets. Additionally, a better
determination of the nebular contribution and the true intrinsic emission is possible
by the inclusion of the Hβ line in our analysis. This is envisaged for the Galah survey,
where both spectral lines are observed.
A detailed study of binary stars is crucial for understanding stellar evolution
(Torres et al., 2010), establishing distances across our Galaxy and to its satellites
(Pietrzyński et al., 2013), providing critical tests in asteroseismology (Huber, 2015),
and furnishing benchmark systems with accurate fundamental stellar properties
(Popper, 1980). Despite their importance, Torres et al. (2010) find only ∼ 100 eclipsing
binaries with the uncertainties in the masses and radii smaller than 3 %. This number
being several orders of magnitude too low for such benchmark objects, an addition
of a handful of them already represents a significant contribution. In this respect,
we present Tyc 5227-1023-1, the first in the series of 14 double-lined eclipsing binary
systems observed in the context of the Asiago eclipsing binaries program (Siviero
et al., 2004; Marrese et al., 2004), this one being selected specifically for its indication
of possible membership of the Aquarius stream.
The orbit and physical parameters of the previously unsolved binary Tyc 5227-
1023-1 are derived using high-resolution échelle spectroscopy and V, i′ photometry.
A synthetic spectral analysis of both components has been performed, yielding
metallicity [M/H] = −0.63± 0.11 for both stars and a temperature for the secondary
that is in close agreement with the one from the orbital solution, while the temperature
of the primary is determined from photometry (T1 = 6350 K). The masses and radii
(M1 = 0.96± 0.02, M2 = 0.84± 0.01 M, R1 = 1.39± 0.01, R2 = 0.98± 0.01 R) reveal
that both stars have already slightly evolved away from the main-sequence band
having an age of about 7 Gyr, and the results of the synthetic spectral analysis support
the claim of corotation with the orbital motion. The radial velocity of the system
is −60± 2 km s−1, while its distance, computed from orbital parameters and the
derived reddening EB−V = 0.053, is 496± 35 pc, in very good agreement with the
parallax from the first official release of Gaia data. Even though Tyc 5227-1023-1 was
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initially treated as a possible member of the Aquarius stream, the results presented
here disagree with reported values for this ancient structure and suggest a likely
membership of the thick disk.
The intriguing properties of this binary system, especially its low metallicity, call
for a more detailed analysis of its atmospheric parameters and individual chemical
abundances. We aim to conduct this follow-up study by obtaining a higher quality
spectrum on a more powerful telescope such as TNG (Telescopio Nazionale Galileo)
employing the HARPS-N (High Accuracy Radial velocity Planet Searcher in North
hemisphere) échelle spectrograph. This will enable us to probe the more precise
evolutionary status of the two components and in particular to determine the mixing
length theory (MLT) parameters and their dependence on stellar mass, chemical
composition, and evolutionary stage, which will be based on Tyc 5227-1023-1 and
a selected subsample of the other 13 EB-SB2 systems. Eclipsing binary systems are
crucial in this respect because many stellar evolutionary models use MLT to produce
stellar evolutionary tracks and isochrones despite the limitations and inconsistencies
of this theory (Fernandes, 2013; Meng and Zhang, 2014).
To our knowledge, the combination of PHOEBE and a Bayesian approach using an
MCMC algorithm in the calculation of the binary orbital solution has not been used
before. It is a very efficient method for surveying the parameter space and most im-
portantly, for producing realistic uncertainties extracted from posterior distributions.
This approach is now embedded in the next generation of the renowned modelling
software – PHOEBE 2.0 (see Section 5.3.1) – which will probably revolutionise the
way we model multiple stellar systems.
A common practice in literature for deriving effective temperatures of stars in
a binary system is to derive the temperature of one star (e.g. from spectra or color
indices) and fit the temperature of the other star. This approach was also used here,
however it is often inadequate and redundant. There is an elegant solution to fitting
both temperatures simultaneously, if the photometric data (the light curve) is available
and properly calibrated in at least two standard photometric systems. By applying
the color constraint, the effective temperatures of the individual components can be
readily disentangled (we refer the reader to Prša and Zwitter, 2005a for more details).
The color-constraining functionality is still not implemented properly in PHOEBE and
this is one of the essential developments that we must complete before undertaking
the thorough analysis of the remaining 13 EB-SB2 systems mentioned above.
This thesis represents the first study of peculiar stars on such a large sample,
performed here on tens of thousands of spectra available in the GES and the Galah
survey. Additionally, in the case of Galah survey, we do not limit ourselves to any
distinct peculiar types, instead, we try to be impartial towards distinct physical
characteristics and treat all available spectra in a uniform manner. In this way, we
are able to review and morphologically classify several thousand objects without
particular assumptions and model dependent parameters. Furthermore, in addition
to contributing to the development of big-data science, a part of this thesis dedicated
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to the investigation of the peculiar star – a binary system Tyc 5227-1023-1 – also
promotes the Monte Carlo based Bayesian data analysis, which has now become
the method of choice for analysing and interpreting data in almost all disciplines
of science. In astronomy, over the last decade, we have also seen a steady increase
in the number of papers that employ Monte Carlo based Bayesian analysis. This
breakthrough of proper treatment of data, and the uncertainties of results, together
with the dimensionality reduction tools, which are indispensable in this new era of
stunning amounts of data, is a way forward in understanding stars, galaxies, and
how it all came to be.
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A.1 GES - detection and Gaussian fitting of Hα emission lines
When classifying Hα features we aim at separating line profiles exhibiting emission
components from those with absorption-only profiles. We start with selecting 22 035
object spectra before background sky subtraction and continuum normalisation. This
is important since sky subtraction can introduce spurious effects if the sky (nebular)
Hα component is not correctly identified and treated for each individual spectrum.
Due to the large volume of our sample, the most practical way to attempt the detection
of emission lines is by means of an automated procedure that we describe below.
Gaussian fitting and its details are described next.
A.1.1 Detection
The method employed for detection and parametrisation of Hα line profiles includes
several steps and conditions. The wavelength values used throughout this work are
heliocentric. Normalisation of spectra is done first by extracting only the wavelength
ranging from 6549.8 to 6582.8 Å so as to avoid the [N II] emission lines and then
calculating the median of the outermost 10 Å on each side. Division of spectra with
this median value then yields a satisfactory normalisation, as demonstrated in Figure
3.3.
The adopted central wavelength of Hα is λ0 = 6562.83 Å. We often notice strong
emission lines at ∼ 6553 Å and ∼ 6577 Å in our sample of spectra and so we define
the left (6555 Å) and right (6575 Å) boundary in order to avoid false detections when
searching for Hα emission. We note that the mentioned emission lines may be of
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atmospheric origin due to [OH] excitation (Osterbrock et al., 1997). The selected
region of spectra between the initial boundaries defined above is in our experience
large enough to include the whole Hα profile. Next, we set the first condition for
exclusion of Hα absorption:
1−min(y) > 3(max(y)− 1) (A.1)
where the value 1 denotes the continuum level, and y is the flux of the selected
normalised region. If this condition is satisfied, the spectrum is not considered any
further, which means that we can only detect emissions if the amplitude of the highest
peak above the continuum in the selected normalised region is at least one third
of the amplitude of the strongest absorption. Note that we therefore refrain from
detection of faint chromospheric emission activity, which sits on a strong absorption
component. Treatment of such weak emission is beyond the scope of this paper
because it would require a detailed modelling of the stellar atmosphere. We refer
the readers to Lanzafame et al. (2015) and Frasca et al. (2014) for a discussion of this
topic. If the above condition is not fulfilled, the procedure continues by automatically
inspecting the values of y by going step by step (pixel by pixel) from the left initial
boundary (6555 Å) to the right (6575 Å) and vice-versa. The main task here is to
define the smallest region in which emission is located and to exclude false detections
due to strong noise or cosmic rays. We therefore need to accurately define the limits
of the potential Hα emission as near to the observed profile as possible. It turns out it
is better to set two conditions to achieve this goal, first for broader and second for
narrower lines (narrow emission over wide absorption):
y[k + 40]− y[k] > d & y[k] > 1 (A.2)
y[k + 10]− y[k] > 2.5d & 1− y[k] < (max(y)− 1)/3 (A.3)
where k is the running pixel index and d = (max(y)− 1)/5. One pixel corresponds
to 0.05 Å. These two conditions are valid for left to right direction, and the ones for
reverse are symmetrical. The second argument of both conditions restricts the value
of flux to either above 1 (continuum) for wider emission or below 1 for relatively
narrow emission over wider absorption. When the two conditions fail, the spectra are
excluded from further consideration.
Although they might seem arbitrary, the conditions (A.1), (A.2), and (A.3) are set
according to our experience for the best overall detection performance. 11 230 spectra
out of 22 035 are selected when making use of the condition (A.1), while 1965 are
subsequently excluded with conditions (A.2) and (A.3), among which there are also
some realistic emission profiles. We therefore note that the described procedure is not
perfect and its performance also depends on the S/N. Besides excluding emission
profiles, the above conditions are also liable to produce false emission detections
in case of strong noise or cosmic rays in the spectra. Generally, such cases are few
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and an automatic procedure usually allows us an accurate and rapid detection of
Hα emission for thousands of spectra. Out of 22 035 spectra, 9265 are identified
as emission-type profiles. Many of these spectra are those of objects with multiple
observations both in the GES internal data release or ESO archive. Therefore there
are 4566 unique objects in our sample.
A.1.2 Gaussian fitting
We perform more thorough analysis of our selected sample of 4566 objects and their
9265 spectra by means of Gaussian fitting of the spectral region around Hα. This is
also where we tackle with the problem of identification of the nebular component,
which might contribute an important part of the emission flux if not being the only
source of emission. As already mentioned, the majority of targets in our sample
are stars in young clusters and star forming regions, which are often wrapped in a
nebular environment, so it is essential we separate this external contribution of flux
in Hα from the one intrinsic to a given object.
All Gaussian fitting referred to in this work is done with the least-squares
Levenberg-Marquardt algorithm. We use a sum of two independent Gaussian compo-
nents g1, g2 and one optional gn to account for the nebular component. The nebular
component of Hα is indicated by the presence of [N II] forbidden lines (6548.05 Å,
6583.45 Å) in the spectra as well as by the sky spectra in the vicinity of observed
targets. Whether we include gn into the fitting routine depends on the assessment of
the two mentioned indicators.
The fitting procedure starts by putting the continuum of normalised spectra (see
Sect. A.1.1) to 0. We disregard the 396 spectra with low S/N (∼ 4) displaying negative
fluxes.
Next, we evaluate the indicators for the presence of the nebular Hα component.
The preferred indicator is the presence of [N II] emission around Hα. Both [N II]
forbidden lines are fitted with Gaussian profiles (gN1, gN2) with Gaussian parameters
(λN1, σN1, AN1, λN2, σN2, AN2) where λN1 and λN2 are allowed to shift ±1 Å and the
fitting range is within ±2 Å of the canonical centre of the [N II] lines. The σN1 and
σN2 values fall in the range of 0.1 to 0.5 Å and all three Gaussian parameters are then
determined with the least-squares method. The three conditions that must be fulfilled
to accept this first indicator are: (i) both AN1 and AN2 must be greater than 0.5 to
compensate for noisy spectra, (ii) χ2/pixel divided by AN1,N2 must be < 1.0, and (iii)
||λN1 − λN2| − (6583.45 Å −6548.05 Å )| < 0.1 Å. If these 3 conditions are met, the
wavelength parameter λn for gn is fixed to λn = λN1 + (6562.83− 6548.05) Å and the
σn parameter is fixed to the average of σN1 and σN2 multiplied by the ratio Hασ/NIIσ
explained in the next paragraph. When these conditions are not satisfied, we continue
with evaluation of emission in sky spectra.
Out of 132 available fibres for Giraffe spectrograph, around 24 % in the full
sample of 28 957 spectra are used to record background sky spectra and these provide
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valuable information about the object’s surroundings. Ideally, there should be one
sky (background) exposure per object, which would enable us to more accurately
determine the nebular contribution to the flux from stars in young clusters. Here
we take five spectra from nearest surrounding fibres closest to each of the observed
objects. Maximum distance is set to 5◦ but usually all five fibres are located within 3′
of the object fibre, which roughly translates to 1 pc at the distance of 1 kpc. These five
sky spectra are averaged and all three emission lines (Hα and both [N II]s) are fitted
in the same manner, as described in the previous paragraph. The ratio Hασ/NIIσ =
1.3 is obtained from average values of σN1, σN2 and σn in all evaluated sky spectra.
Similarly to the first indicator of nebular emission, the same three conditions are
applied here together with an additional one stating that |λn − 6562.83 Å | < 0.1 Å.
When neither of the conditions from the previous two paragraphs are satisfied, gn
is not included in the fitting procedure, hence we only use g1 and g2. The source/lack
of nebular indication is noted in Table A.3. The gn component has λn and σn fixed
and only An is fitted. For g1 and g2 the λ1,2 and σ1,2 parameters vary in a certain
interval with a fixed step whereas A1,2 is also fitted by the fitting procedure. The
step size of σ1,2 is the same for all spectra. We set the lower value to 0.15 Å based
on the resolution of the spectrograph (R ∼ 17 000) and the upper value to 2 Å that
is sufficient for the broader components of the profiles. The use of 15 values that
are logarithmically spaced allows us to better cover the regime of narrow lines to
the detriment of broader ones. The λ1,2 parameter has 21 linear intermediate values,
which cover the range between the lower and upper boundaries, but the boundaries
vary from spectrum to spectrum as described in the following paragraph.
We aim to fit the smallest possible range including the whole Hα profile. This is
partly done in the emission detection stage described at the beginning of this section,
but here we want to define the region with absorption as well as emission parts of a
generally multicomponent Hα profile. We therefore limit the fitting range first to 5 Å
(∼ 230 km s−1) at each side of λ0 to avoid the already mentioned emission features
and to ensure that the maximum initial grid step for λ1,2 parameters in the fitting
procedure does not exceed 0.5 Å. Next, the procedure proceeds from the middle to
each side pixel by pixel (1 pixel is 0.05 Å), evaluating each consecutive chunk of 20
pixels ahead for the change in sign of the residual spectrum (normalised flux – 1).
When the change in sign occurs at least three times in a given interval of 20 pixels,
the procedure assumes that the continuum is reached and sets the furthermost pixel
of the current chunk to be the limiting boundary. If this condition is not reached, the
boundary (the limiting interval [xmin, xmax]) stays at ±5 Å from λ0. We use 21 linearly
spaced values to split the interval between the lower and upper boundaries. From the
intervals of values for λ1,2 and σ1,2 we get 49 770 combinations of g1 and g2 that can
be summed together with gn according to criteria in the above paragraphs.
The results of the fit give us the values of λ1,2,n, σ1,2,n and A1,2,n of the best fitted
g1 + g2 + gn, along with the reduced χ2 (χ2 per pixel), reminding the reader that our
χ2 doesn’t include normalisation by σ2uncertainty and is given in units of normalised
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flux squared. The same procedure is then repeated once more assuming λ1 = λ2,
as already described in Sect. 3.3, and the final adopted set of parameters is the one
achieving a better match between observed and modelled Hα profiles.
A.1.3 Fit statistics
The distribution of the values obtained for the parameters describing g1, g2, and gn
are shown in Figure A.1. The double-peaked profile in the vn histogram implies that
objects with indicated nebular component belong to distinct nebular environments or
clusters with different radial velocity. Histogram of σn shows a strong peak at 0.39 Å,
which corresponds to the instrument resolution, indicating a nebular emission with
an intrinsic FWHM smaller than the instrumental profile.























































Figure A.1: Histograms of Gaussian parameters for the 4459 emission type objects. We show the
values for components g1 and g2 (top panels), along with those for gn (bottom panels). When the
nebular component is not included in the fit, their values are left out, except for An that are stacked
in the first bin (value = 0).
The χ2r parameter might be misleading where one or more emission components
are relatively strong, therefore we construct another measure of the goodness of fit -
χ2r f , which is the previously defined χ
2
r normalised with average flux where the total
flux of the line is the integral
F =
∫
|g1(λ) + g2(λ) + gn(λ)|dλ (A.4)
over the whole fitting range ([xmin, xmax], see above) determined for each spectrum.
The distributions of χ2r and χ2r f for all spectra are plotted in Figure B.1. Due to the
normalisation of χ2r for the strongest emissions, the tail on the right is reduced and
the distribution shifted to lower values when going from χ2r to χ2r f . The bump on the
left of the χ2r f distribution is mainly due to the very strong nebular emissions where
χ2r is small and F is relatively large.
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Figure A.2: Histograms of χ2r f (solid line) and χ
2
r (dashed line) representing the formal goodness




A.2 GES - identification of fitted components
In order to implement our morphological classification of Hα line profiles, we use
the parameters of fitted g1, g2, and gn to determine their type, relative strengths and
to what degree one blends with another. We define a set of rules, which enables us
to assign one of the following flags to each spectrum: E, EE, EA, AE, N, EN, EEN,
EAN, AEN. Letters E, A, and N denote intrinsic emission, intrinsic absorption, and
nebular emission, respectively. The number of letters in each flag matches the number
of components, with the exception of the least interesting ones for our study (i.e. N,
AN, and AAN) where the emission is solely due to the nebular component. These
three flags are therefore joined into flag N. The order of letters E and A represents
the relative strength (absolute equivalent width) of the corresponding components
where the first one is stronger (e.g. EA - absorption is weaker than emission, EAN -
the same with additional nebular emission component).
The rules are defined in the outline with conditional statements in Figure A.3,
where one of the branches deals with flags without nebular emission and the other
with those including nebular emission (N).
For this ruleset, we define fi (where i = 1, 2, n) as the integrated flux of Gaussian
component gi, which is given by fi = Aiσi
√
2π. Next we define the following margins:
ε f = 0.1F (A.5)
ελ = 0.1 (A.6)
εσ = 0.1 (A.7)
which, according to our tests, enable the best performance when flagging individual
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fn 6 ε f
• E: f1 > 0 & f2 > 0 & |λ1 − λ2| < ελ & |σ1 − σ2| < εσ || | f1| < ε f & f2 > 0 || | f2| <
ε f & f1 > 0
• EA: f1 > 0 & f2 < 0 & | f1| > | f2| || f1 < 0 & f2 > 0 & | f2| > | f1|
• AE: f1 > 0 & f2 < 0 & | f1| < | f2| || f1 < 0 & f2 > 0 & | f2| < | f1|
• EE: f1 > 0 & f2 > 0 & | f1| > ε f & | f2| > ε f
fn > ε f
• N:
| f1| < ε f & | f2| < ε f ||
|λ1 − λn| < ελ & |λ2 − λn| < ελ & |σ1 − σn| < εσ & |σ2 − σn| < εσ & f1 > 0 & f2 > 0 ||
| f2| < ε f & |λ1 − λn| < ελ & |σ1 − σn| < εσ & f1 > 0 ||
| f1| < ε f & |λ2 − λn| < ελ & |σ2 − σn| < εσ & f2 > 0
• EN (AN if the last conditional term in each line does not hold):
|λ1 − λn| < ελ & |σ1 − σn| < εσ & f1 > 0 & |λ2 − λn| > ελ & | f2| > ε f & f2 > 0 ||
|λ2 − λn| < ελ & |σ2 − σn| < εσ & f2 > 0 & |λ1 − λn| > ελ & | f1| > ε f & f1 > 0 ||
|λ1 − λn| > ελ & | f1| > ε f & | f2| < ε f & f1 > 0 ||
|λ2 − λn| > ελ & | f2| > ε f & | f1| < ε f & f2 > 0 ||
|λ1 − λn| < ελ & |σ1 − σn| > εσ & | f2| < ε f & f1 > 0 ||
|λ2 − λn| < ελ & |σ2 − σn| > εσ & | f1| < ε f & f2 > 0 ||
|λ1 − λ2| < ελ & |σ1 − σ2| < εσ & f2 + f1 > 0
• AAN: f1 6 0 & f2 6 0
• AN: ( f1 6 −ε f & | f2| < ε f ) || ( f2 6 −ε f & | f1| < ε f )
• EAN, AEN, EEN: The same conditions apply as for EA, AE, EE
Figure A.3: Set of rules that treats each fit following conditions from top to bottom and from left to
right. The top part of the scheme ( fn 6 ε f ) only characterises the profiles with stellar component(s),
while the second branch ( fn > ε f ) also includes the nebular component. In Table A.1, we merge
the categories AN, AAN, and N because the emission is solely due to the nebular component.
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Table A.1: Number of emission type spectra for each of the nine flags.
E EE EA AE N EN EEN EAN AEN
348 2101 1408 940 1148 642 938 838 483
spectra and then assigning distinct morphological categories in the second step of
the morphological classification scheme. The flux f is subject to significant variations
in absolute value and therefore ε f depends on the integrated Gaussian solution F
(Equation (A.4)). By doing this, we account for the very strong emissions where
Gaussian components, which are relatively weak, but still significant in absolute
value, must be weighted appropriately.
The main purpose of the conditions in Figure A.3 is to determine whether different
fitted Gaussian profiles g1, g2, and gn are similar enough in terms of their λ and σ
parameters to represent the same feature (component) of the line profile or if they are
so different to indicate two or more distinct components. This can only be evaluated
under the limitations of the sampling scheme for the fitted parameters, the resolution
of the spectra and their S/N. The defined set of rules and the margins ε f , ελ, and εσ
are therefore selected accordingly. The number of spectra that are assigned a certain
flag is listed in Table A.1.
We exclude spectra with flag N from further discussion. Thus we have 990
single intrinsic emission spectra and 6709 spectra with a combination of two intrinsic
components, flagged EE(N), EA(N), and AE(N).
A.3 GES - supplementary information from external sources
We extract a collection of data from several sources. As the coordinates of objects
are the most reliable search parameters, we use them to retrieve information from
SIMBAD, VizieR, and ADS on-line databases. Epoch 2000.0 coordinates of our objects
are not identical with those from the catalogues, so we adopt matching limits as
described below. Tables A.4 and A.5 provide supplementary information from VizieR,
SIMBAD, and ADS databases.
A.3.1 Object types from SIMBAD
We use a search radius of 1 arcsec. Altogether 2546 out of 4459 objects have a
SIMBAD match satisfying this criterion. Typical accuracy of the match is ∼ 0.3 arcsec,
implying that the matches we found are secure. We examine the general description
of their object type in the SIMBAD database (i.e. the “otype” flag). Table A.2 lists
the most commonly encountered “otype” flags for our targets. While the first two
categories are general definitions, those with more than 15 occurrences clearly indicate
their nature. These are mostly young, active stars, probably in their early phases
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Table A.2: Distribution of objects according to their classification flag “type” of the SIMBAD
database. N denotes the number of objects from our catalogue that fall into each category.
N otype
1025 star in cluster
356 star
244 young stellar object
198 variable star of Orion type
177 low-mass star (M < M)
131 young stellar object candidate
85 pre-main sequence star
75 T Tau-type star







2 brown dwarf (M < 0.08 M)
2 brown dwarf candidate
2 carbon star
N otype
2 Cepheid variable star
2 ecl. binary of W UMa type (contact)
2 Herbig-Haro object
2 open (galactic) cluster
2 Red Giant Branch star
2 variable star of Mira Cet type
1 Be Star
1 dark cloud (nebula)
1 double or multiple star
1 eclipsing binary
1 HII (ionized) region
1 millimetric radio source
1 object of unknown nature
1 rotationally variable star
1 spectroscopic binary
1 sub-millimetric source
1 variable of BY Dra type
1 white dwarf candidate
of evolution. Some of the objects have been detected as an X-ray or a radio source
while, interestingly, there is only a handful of known interacting binary stars. Further
examination of objects from our catalogue is thus a promising way to discover several
objects belonging to the latter category.
A.3.2 References from the ADS database
References from the literature should serve as possible additional information about
objects of interest, they are not to be taken as reliable sources of the characteristics of
a certain object. 305 out of 4459 objects are matched successfully with references from
the ADS database. The search is done based on object coordinates and separately
on the main SIMBAD identifier, the latter being justified by the fact that ADS and
SIMBAD work together in retrieving the relevant literature. When searching by
SIMBAD identifier, the restriction to objects with angular distance 6 1 arcsec of
matched records in SIMBAD is applied. The results are further filtered by the
presence of keywords “Hα”, “emission”, “objective prism survey”, “cataclysmic”,




We perform queries by coordinates to retrieve the properties of our sources contained
in VizieR catalogues. Results are presented for each of the following wavelength
ranges: Gamma-ray, X-ray, EUV, UV, Optical, IR, and Radio. For 1853 objects in Table
A.4, we list the number of VizieR tables in which a match is found within an angular
distance of up to 1 arcsec.
A.4 GES - catalogue of Hα emission objects
The catalogue contains a master table with the main results for each analysed
spectrum, and its extension for unique objects, which provides supplementary in-
formation to the reader. Their content is respectively detailed in Tables A.3 and A.4.
Each fitted spectrum is identified through the object name (i.e. the CNAME keyword
build from the coordinates of the object) and the date of observation. We give the first
five results of the fitting procedure for each spectrum ordered by χ2r in Table A.3, but
for all relevant discussion in the main text, only the best result for each spectrum is
used.
Some of the objects observed in GES are known to be of peculiar type and are
already discussed in the literature or listed in different catalogues. For all the 4459
analysed objects, we present results from the search in ADS, SIMBAD, and VizieR
databases in Tables A.4 and A.5. This search is detailed in Appendix A.3. We note
that 305 out of 4459 objects are mentioned in the list of ADS references (Table A.5),
and according to SIMBAD, roughly 25 % of 4459 objects already have an indication of
Hα emission. The electronic version of the catalogue will be made publicly available
at the CDS.
A.5 Galah - catalogue of peculiar objects
The final classification results are collected in the catalogue, whose contents are
described in Table A.6. Spectra with at least one assigned category from either Section
4.4 or 4.5 are listed by their catalogue ID, internal Galah ID of the corresponding
target, coordinates of the target, APASS (Henden et al., 2012; Munari et al., 2014b) V
magnitude, classification category, and supplementary information from SIMBAD,
VizieR, OGLE, and ADS databases.
We cross-matched the coordinates of stars to retrieve information from the SIM-
BAD, VizieR, OGLE, and ADS on-line databases. Epoch 2000.0 coordinates of our
targets are not identical with those from the catalogues, so we adopt a search radius
of one arcsec where applicable. The results of the search in VizieR catalogues are
retrieved in the wavelength ranges: Gamma–ray, X–ray, EUV, UV, Optical, IR, and
Radio. In the catalogue, we list the number of VizieR tables in which a match is found.
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Table A.3: Description of the content for the catalogue of 8846 spectra whose full table will be
available at the CDS.
Label Unit Description
DATEOBS Date and time of the observation
CNAME Sexagesimal, equatorial position-based source name in
the form: hhmmssss+ddmmsss. Thus the CNAME of an
object at 3h 40m 21.s767 and -31◦ 20′ 32.71′′ is 03402177-
3120327.
RA ◦ RA (J2000)
DEC ◦ DEC (J2000)
Halpha_lambda_1 Å five comma separated values - first five solutions of the
fit ordered by χ2r for the central wavelength of the first
Gaussian profile
Halpha_sigma_1 Å As Halpha_lambda_1 but for the σ parameter of the first
Gaussian profile
Halpha_peak_1 As Halpha_lambda_1 but for the height of the peak of
the first Gaussian profile in units of normalised flux
Halpha_lambda_2 Å As Halpha_lambda_1 but for the central wavelength of
the second Gaussian profile
Halpha_sigma_2 Å As Halpha_lambda_1 but for the σ parameter of the
second Gaussian profile
Halpha_peak_2 As Halpha_lambda_1 but for the height of the peak of
the second Gaussian profile in units of normalised flux
Halpha_lambda_neb Å As Halpha_lambda_1 but for the central wavelength of
the nebular Gaussian profile
Halpha_sigma_neb Å As Halpha_lambda_1 but for the σ parameter of the
nebular Gaussian profile
Halpha_peak_neb As Halpha_lambda_1 but for the height of the peak of
the nebular Gaussian profile in units of normalised flux
Halpha_neb_indication 0 - no indication of nebular emission, 1 - presence of
[N II] emission in object spectrum, 2 - presence of Hα
and [N II] emission in sky spectra (see Appendix A.1.2)
Halpha_red_chi five comma separated values - χ2r for first five solutions
of the fit
Halpha_red_chi_f five comma separated values - χ2r f for first five solutions
of the fit
Halpha_flag Flag of spectrum obtained from our ruleset in Figure A.3
(see text)
Halpha_category Category obtained from our classification scheme in Table
3.2 (see text)
Halpha_intrinsic 1 for intrinsic stellar emission, otherwise NULL (see text)
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Table A.4: Description of the content for the supplementary information of 4559 sources whose full
table will be available at the CDS.
Label Unit Description
CNAME as CNAME in Table A.3
RA ◦ as RA in Table A.3
DEC ◦ as DEC in Table A.3)
Halpha_profile_change 0 for no temporal change in classification category
of spectra from repeated observations, otherwise
NULL (see text)
SIMBAD_main_id Main ID of the source in SIMBAD found for a given
CNAME, otherwise NULL
SIMBAD_angular_distance arcsec Angular distance of the object to the source SIM-
BAD_main_id, otherwise NULL
SIMBAD_identifiers All SIMBAD identifiers for the source SIM-
BAD_main_id, otherwise NULL
SIMBAD_otype SIMBAD object type for the source SIM-
BAD_main_id, otherwise NULL
SIMBAD_stype SIMBAD spectral type for the source SIM-
BAD_main_id, otherwise NULL
ADS_literature A comma-separated list of indices which correspond
to the first column of Table A.5 where we list the
ADS references ordered by the number of occur-
rences for all analysed objects, otherwise NULL
VizieR_n_Radio Number of VizieR tables for Radio wavelength
range in which object with CNAME has a match,
otherwise NULL
VizieR_n_IR As VizieR_n_Radio but for IR wavelength range
VizieR_n_optical As VizieR_n_Radio but for optical wavelength range
VizieR_n_UV As VizieR_n_Radio but for UV wavelength range
VizieR_n_EUV As VizieR_n_Radio but for EUV wavelength range
VizieR_n_Xray As VizieR_n_Radio but for X-ray wavelength range
VizieR_n_Gammaray As VizieR_n_Radio but for Gamma-ray wavelength
range
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Table A.5: Reference list (98 rows, full table will be available at the CDS). We only list the references
with Noccur > 50, which denotes the number of objects from the catalogue that have corresponding
article in the search results from ADS (see appendix A.3.2).
id Noccur title reference
1 157 Hα Emission-Line Stars in Molecular
Clouds. I. The NGC 2264 Region
Reipurth et al. (2004)
2 98 Catalogue of H-alpha emission stars in
the Northern Milky Way
Kohoutek and Wehmeyer (1999)
3 98 Catalogue of stars in the Northern Milky
Way having H-alpha in emission.
Kohoutek and Wehmeyer (1997)
4 67 Primordial Circumstellar Disks in Binary
Systems: Evidence for Reduced Lifetimes
Cieza et al. (2009)
5 66 Emission-Line Stars Associated with the
Nebulous Cluster NGC 2264.
Herbig (1954)
6 63 New H-alpha-emission stars in Mono-
ceros OB1 and R1 associations
Ogura (1984)
We also state the type of variability (class) for matched targets in OGLE-III on-line
Catalogue of Variable Stars (Soszyński et al., 2013). References from the literature
(ADS) should provide additional information about objects of interest, but are not
necessarily reliable sources of the characteristics of a certain object.
Some of the 28,579 stars (with 31,050 spectra) in our catalogue are known to be
peculiar types and are already discussed in the literature or listed in different sources.
SIMBAD matched 5956 targets, VizieR finds at least one match in at least one of its
catalogues for all unique targets (28,579), OGLE matched 148 targets, and 350 targets
are matched successfully with references from the ADS database.
The electronic version of the catalogue will be made publicly available at the CDS,
excluding results for spectra from the Problematic category, since these mainly stand




Table A.6: Description of the content for the Galah catalogue of peculair spectra containing results
of our classification (see Section A.5). The full table will be available at the CDS.
Label Unit Description
Catalogue_ID
Galah_ID Unique star identifier
DATEOBS Date and time of the observation
RA ◦ RA (J2000)
DEC ◦ DEC (J2000)
Class_cat_general General classification category as given in Sec-
tion 4.4
Class_cat_specific Specific classification category as given in Sec-
tion 4.5
SIMBAD_main_id Main ID of the source in SIMBAD
SIMBAD_angular_distance ′′ Angular distance of Galah target to the source
in SIMBAD
SIMBAD_main_type SIMBAD main type
SIMBAD_other_types SIMBAD other types
VizieR_n_Radio
Number of VizieR tables for the Radio wave-
length range in which Galah target has a
match
VizieR_n_IR As VizieR_n_Radio but for the IR wavelength
range
VizieR_n_optical As VizieR_n_Radio but for the optical wave-
length range
VizieR_n_UV As VizieR_n_Radio but for the UV wavelength
range
VizieR_n_EUV As VizieR_n_Radio but for the EUV wave-
length range
VizieR_n_Xray As VizieR_n_Radio but for the X-ray wave-
length range
VizieR_n_Gammaray As VizieR_n_Radio but for the Gamma-ray
wavelength range
OGLE_class OGLE variable star type (class)




Razširjen povzetek v slovenskem jeziku
B.1 Uvod
Zvezde, ki jih v nam vidnem vesolju lahko opazujemo in proučujemo, se med
seboj lahko drastično razlikujejo. Vzrok teh razlik so lahko začetne lastnosti snovi iz
katere zvezda nastane, okoliških pogojev, bližine drugih zvezd, razvojne stopnje in
ostalih dejavnikov. Ko zvezde opazujemo s pomočjo raznovrstnih naprav, se te razlike
pokažejo na več načinov. Odvisno od tipa zvezde in vrste opazovalnih podatkov
v meritvah zaznamo raznolike lastnosti oziroma značilnosti opazovanega objekta.
V primeru zvezdnih spektrov, ki predstavljajo osnovo tukaj predstavljene študije,
lahko neobičajne ali zanimive spektralne značilnosti pomenijo dvojne spektralne
črte, spektralne črte v emisiji, neraven kontinuum po normalizaciji, kontinuum brez
spektralnih črt ter drugo. Zvezdam ter njihovim opazljivkam (npr. spektrom) dodamo
predpono “posebne” kadar vsebujejo značilnosti, ki jih sicer ne opazimo pri večini
naključno izbranega vzorca zvezd na nebu. Po drugi strani lahko nekatere značilnosti,
kot npr. dvojne spektralne črte, razkrivajo v bistvu zelo pogosto ali celo večinsko
lastnost zvezd, da živijo v dvojnih in večkratnih sistemih, vendar pa to le redko
zaznamo v opazovalnih podatkih. V nadaljnjem besedilu kot nasprotje od posebnih
zvezd pogosto uporabimo predpono “normalne” ali “običajne” zvezde, čeprav v
astronomski skupnosti za te izraze ni enovite definicije ali vsestranskega dogovora.
Posebne zvezde nam napram običajnim zvezdam razkrivajo kratkožive faze v
razvoju zvezde od nastanka do smrti (ilustracija nekaterih razvojnih poti zvezd je
na sliki 1.1. V primeru dvojnih in večkratnih zvezd pa predstavljajo tudi posebnosti,
ki so prisotne celotno obdobje razvoja zvezde, ter nanj lahko tudi bistveno vplivajo.
Navidezno je posebnih zvezd malo, še posebno kadar se ukvarjamo z naključno
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izbranim vzorcem, vendar pa njihovo število po zaslugi velikih pregledov neba strmo
narašča. Ena od za to zaslužnih disciplin v astronomiji se ukvarja z nastankom in
razvojem galaksij – galaktično arheologijo – kar je tudi gonilo številnih velikih spek-
troskopskih pregledov neba. Glavni tehnični cilj teh pregledov je čimbolj natančno
izmeriti kinematične in kemične lastnosti običajnih zvezd, torej je osredotočenost
ravno nasprotna kot v tem delu, kjer se ukvarjamo s posebnimi zvezdami.
Pri načrtovanju opazovalne strategije v velikih pregledih neba predhodno ne vemo
ali bo celoten vzorec zvezd primeren za naše namene, tako da v pretežno naključnem
izboru zajamemo tudi pomemben delež posebnih zvezd. Le-te je potrebno v procesu
obdelave podatkov zaznati, saj so lahko želene izmerjene lastnosti zaradi različnih
posebnosti napačne. Pri tem nam zelo pomaga klasifikacija opazovanih podatkov, ki
nam po eni strani razvrsti zvezde oziroma njihove opazljivke na običajne in posebne,
znotraj zadnjih pa še na posamične kategorije posebnih tipov zvezd. Poleg tega nam
tako razvrščanje razkrije tudi težave, ki se pojavijo že pri zajemanju ali pa v katerem
izmed korakov obdelave podatkov.
Klasifikacija spektrov je zato zelo potreben in uporaben postopek, saj nam iz
ogromnih količin podatkov, ki so na voljo v moderni dobi opazovanj, izlušči tiste,
ki potrebujejo dodatno obdelavo in tiste, ki so še posebej zanimivi za specifično
proučevanje. V tej disertaciji predstavljamo pristop h klasifikaciji posebnih tipov
zvezd iz ogromnega števila zajetih spektrov, ki je sicer le ena od mnogo aktivnosti
v mednarodnih projektih, kjer sodeluje veliko število ljudi. V kontrastu s takšnim
“globalnim” načinom raziskovanja in sodelovanja pa predstavimo tudi individualno
oziroma bolj tradicionalno študijo izbranih dvojnih zvezd, kjer je z zelo natančnimi
opazovalnimi podatki mogoča bolj poglobljena analiza in interpretacija, ki jo lahko
samostojno opravi eden oziroma majhno število raziskovalcev.
Posebni tipi zvezd nam, kot že omenjeno, omogočajo vpogled tako v hitro minljive
faze zvezdnega razvoja kot tudi v posebne razmere, ki so prisotne v življenju zvezd s
spremljevalkami. Oznaka hitro oziroma kratko lahko predstavlja tudi več sto tisoč ali
milijonov let v življenju zvezde, ki sicer za večino populacije traja več milijard let. Pri
tem govorimo o obdobjih, v katerih zvezda nabira snov preko akrecije ali jo izgublja
preko različnih mehanizmov (npr. zvezdni veter), doživlja izbruhe (npr. eksplozija
nove), povečano magnetno aktivnost, periodično krčenje in raztezanje, spremembo
kemične sestave atmosfere itn. Nekatere posebnosti kot naprimer kromosferska
aktivnost ali življenje v dvojnem sistemu pa lahko zvezde zaznamuje tudi skozi
celoten razvoj.
Druženje zvezd v dvojnih in večkratnih sistemih je že dolgo preučevano tako s
teoretičnega kot opazovalnega vidika. Danes vemo, da ima večina zvezd eno ali več
spremljevalk, pri čemer je ta delež 40 % – 60 % za Soncu podobne zvezde (Duquennoy
in Mayor, 1991; Raghavan idr., 2010), za najbolj masivne pa se približa 100 % (Mason
idr., 1998; Kouwenhoven idr., 2007; Kobulnicky in Fryer, 2007; Mason idr., 2009;
Chini idr., 2012; Sana idr., 2012). Tudi numerične simulacije se v grobem ujemajo
z navedenimi odstotki. Po zaslugi novodobnih inštrumentov in spektroskopskih
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pregledov neba namenjenih prav študiju dvojnih zvezd (Latham idr., 2002; Griffin,
2006; Mermilliod idr., 2007), je bilo v preteklih desetletjih odkritih veliko novih dvojnic,
eden od preglednih katalogov njihovih orbitalnih lastnosti (SB9; Pourbaix idr., 2004)
pa jih v času pisanja vsebuje 3534. Takšni katalogi so zelo dragoceni, saj so edini vir
zadostnega števila redkih objektov s specifičnimi lastnostmi.
Prav interakcije med zvezdami in njihovimi spremljevalkami, ki se lahko zgodijo
večkrat v času življenja zvezd v skupnem sistemu, vodijo do pojavov in posebnih tipov
zvezd (modri vsiljivci, nesimetrične planetarne meglice, supernove, izbruhi sevanja
žarkov gama, izvor gravitacijskih valov, itn.), ki se jih ne da razložiti s standardnimi
modeli zvezdne evolucije. Tovrstne interakcije se predvideno zgodijo v kar polovici
sistemov s Soncu podobnimi zvezdami in v vsaj 70 % sistemov z bolj masivnimi
zvezdami. Najbolj masivne zvezde so morda nastale kot posledica interakcije in
zlitja zvezd, potrebno pa je tudi omeniti, da je eden od najbolj eksotičnih primerkov
zvezd v naši Galaksiji dvojna zvezda Eta Gredlja, in da so bili pred kratkim zaznani
gravitacijski valovi, prihajajoč od zlitja črnih lukenj, ki sta nastali iz zelo masivnih
zvezd v dvojnem sistemu (kolaboracija LIGO, 2016).
Dvojni in večkratni sistemi so pogost pojav v vesolju, čeprav so večinoma težko
zaznavni, pri tem pa še posebej izstopajo prekrivalne spektroskopske dvojnice (EB-
SB2), saj mora biti opazovan sistem orientiran tako, da z Zemlje gledamo ravnino
kroženja s strani. Taka konfiguracija omogoča opazovanje mrkov oziroma prehodov
ene zvezde pred drugo, pri čemer se zmanjša celoten zaznan svetlobni tok. S po-
močjo fotometričnih in spektroskopskih opazovanj takih dvojnih sistemov lahko zelo
natančno izmerimo osnovne lastnosti obeh zvezd, med drugim njuni masi in polmera,
ter v kombinaciji z atmosferskimi parametri določimo sicer težko izmerljivo razdaljo
do sistema (Munari idr., 2004)in sklepamo o starosti ter razvojni stopnji primarne
(bolj svetle) in sekundarne zvezde. Kljub izboljšanim meritvam in povečanem številu
orbitalnih rešitev EB-SB2 sistemov v preteklih desetletjih imamo še vedno na voljo le
okrog 100 sistemov, pri katerih sta izmerjeni masi in polmera točni na 2-3 %, in kjer
drži predpostavka da sta se obe zvezdi razvijali brez bistvenih medsebojnih interakcij
(Torres idr., 2010). V kolikor hočemo poglobiti razumevanje osnovnih lastnosti zvezd
ter izboljšati modele zvezdnega razvoja (evolucije) z uporabo čimmanj teoretičnih
predpostavk, potrebujemo čimveč takšnih sistemov ločenih dvojnih zvezd razpore-
jenih po vseh starostnih stopnjah, zato je vsak nov in dobro preučen sistem zelo
dragocen.
B.1.1 Iskanje posebnih zvezd v poplavi astronomskih podatkov
Že nekaj desetletij smo priča vse večjemu kopičenju podatkov (big data), tako drugje
kot tudi v znanosti in še posebej na področju astronomije. Pri zajemanju spektrov
zvezd je bistven napredek omogočila tehnologija spektroskopov z optičnimi vlakni,
s katerimi lahko izvajamo kvalitetna opazovanja več sto zvezd naenkrat (Watson,
1987), kar s pridom izkoriščajo številni pregledi neba: Sloan Extension for Galactic
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Understanding and Exploration (SEGUE (II); Yanny idr. 2009) ki pokriva tri četrtine
neba (∼ 350000 zvezd); Apache Point Observatory Galactic Evolution Experiment
(APOGEE; Zasowski idr. 2013) ki opazuje ∼ 105 rdečih orjakinj; RAdial Velocity
Experiment (RAVE; Steinmetz idr. 2006; ∼ 0.5 · 106 spektrov), Gaia-ESO Survey (GES;
Gilmore idr. 2012; Randich idr. 2013;∼ 105 spectra) ter GALactic Archaeology with
Hermes (Galah; Zucker et al. 2012; Freeman 2012) ki pokrivajo južno nebo. Zaradi
tisočev in stotisočev spektrov, ki jih je potrebno pred interpretacijo oziroma znanstveno
uporabo ustrezno pripraviti, uporabljamo avtomatske postopke za obdelavo podatkov.
Ker imamo vedno opravka tudi z določenim številom posebnih spektrov je bistveno
za rezultate naštetih projektov, da te posebne objekte najdemo in označimo, za kar
moramo uporabiti neke vrste klasifikacijo.
Klasifikacija spektrov nam pokaže možne napake v avtomatskih postopkih in opa-
zovanjih, poleg tega pa nam pomaga razvrstiti objekte v skupine, ki so lahko osnova
za študij posebnih tipov zvezd. Klasifikacije se lahko lotimo na več načinov, dandanes
pa je zanimiv tudi takoimenovan “data-driven science” pristop. To pomeni da se ne
zanašamo na fizikalne modele s katerimi želimo opisati opazovalne podatke, ampak
pustimo podatkom, da nam razkrijejo fizikalno vsebino in raznolikost značilnosti, pri
čemer lahko odkrijemo nepričakovane objekte in tako povečamo znanstveni doprinos
k naši študiji. Tovrsten način pregleda podatkov nam omogočajo nenadzorovane
matematične tehnike, ki sicer ne vedo nič o fiziki ali astronomiji, vendar pa znajo
večdimenzionalne vhodne podatke prikazati v ljudem razumljivi 2D projekciji, kjer
se podobni podatki (npr. spektri) nahajajo blizu skupaj, zelo različni pa so daleč
vsaksebi. Z dodatnimi funkcionalnostmi oborožen vizualni pregledovalnik takšne
projekcije nam omogoča razvrstitev vseh mogočih “uporabnih” in težavnih skupin
spektrov.
Drugačen pristop h klasifikaciji lahko temelji na ocenjevanju podobnosti spektrov
z dobro definiranimi sintetičnimi spektri običajnih zvezd (npr. Munari idr., 2005) in
spektri opazovanih posebnih zvezd (npr. Tomasella idr., 2010), kamor so vključene
kemično posebne, pulzirajoče in interagirajoče zvezde, pa tudi zvezde z izbruhi,
aktivnimi površinami, hitrim vrtenjem ter mlade zvezde. Lahko pa se za odkrivanja
posebnosti posvetimo le eni od značilnosti, kot npr. zelo karakteristični spektralni
črti Hα (6562.8 Å) ki ima veliko diagnostično vrednost. Opazovani kompleksni Hα
profili lahko v sebi skrivajo absorpcijske in tudi emisijske komponente, ki jih lahko
pripišemo različnim izvorom: fotosferi zvezde, zvezdnim vetrovom, toku snovi z
akrecijskega diska okrog zvezde, področjem zgostitev in šoka v snovi okrog zvezde,
emisiji meglic v okolici zvezde, itn. Čeprav kompleksen Hα profil včasih vsebuje
več komponent kot smo jih zmožni razumeti, lahko tovrstne analize privedejo do
osupljivih rezultatov, kot npr. pred nedavnim odkrit vzbujen plin vodika v haloju
Galaksije (Zhang in Zaritsky, 2017)ali pa znatno nastajanje novih zvezd v galaktičnem
toku snovi (Maiolino idr., 2017).
V sledečem poglavju sta predstavljena dva večja pregleda neba GES in Galah z
velikim številom spektrov, ki so uporabljeni v študiji raznolikih tipov posebnih zvezd
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v poglavjih 3 in 4. Sledi jima opis tretjega in manjšega pregleda neba, ki za študij
dvojnih zvezd ponuja tako spektroskopske kot tudi fotometrične podatke, uporabljene
v analizi enega izbranega sistema v poglavju 5. Rezultati dela, predstavljenega v
poglavjih 3, 4 in 5 so v večji meri objavljeni v Traven idr. (2015), Traven idr. (2017a) in
Traven idr. (2017b).
B.2 Pregledi neba
V današnjem času je napredek znanosti pogosto pogojen s finančnimi sredstvi in
širokim naborom znanja ter izkušenj. Z združevanjem strokovnjakov iz raznolikih
področij in sredstev iz različnih virov v enem mednarodnem projektu oziroma ko-
laboraciji lahko bistveno izboljšamo in povečamo obseg znanstvenih dosežkov. Tega
principa se držijo številni veliki pregledi neba, med drugim GES in Galah, ki sta na
kratko opisana v tem poglavju. Poleg teh dveh spektroskopskih pregledov pa pred-
stavljamo tudi pregled dvojnih zvezd z naborom spektroskopskih in fotometričnih
meritev, ki so bile opravljene v okviru astronomskega observatorija v Asiagu (Italija),
z manjšo skupino ljudi a zelo kakovostnim delom.
Spektroskopi z optičnimi vlakni, uporabljeni v GES in Galah, so prinesli nove
principe opazovanj. Svetloba z zvezde v goriščni ravnini teleskopa ne vpada na režo
ampak v konico optičnega vlakna, po katerem potuje do spektrografa, ki se lahko
nahaja na teleskopu ali v posebni sobi, ki je temperaturno in vibracijsko izolirana od
okolice. Za postavitev vlaken v goriščno ravnino jih robot pritrdi na magnetno ploščo,
pri čemer se med opazovanji menjata dve plošči, saj, ko z eno opazujemo, drugo robot
pripravlja za naslednjo ekspozicijo. Primer plošč in pozicioniranja vlaken je viden
na Sliki 2.1, na ta način pa učinkovito zajemamo tudi več sto ali tisoč spektrov zvezd
naenkrat. Zaradi tako velikega števila mora biti v pregledih neba, ki uporabljajo
tovrstne naprave, razvit avtomatski proces obdelave podatkov, kar je tudi bistvena
razlika v primerjavi s pregledom dvojnih zvezd v Asiagu in ročno obdelavo podatkov.
B.2.1 Gaia-ESO
Pregled neba Gaia-ESO (GES) je projekt, ki združuje okrog 400 raziskovalcev pred-
vsem iz Evrope in je začel z opazovanji leta 2011. Glavni namen te velike kolaboracije
je poglobiti znanje o sestavi in razvoju Galaksije, kar želimo doseči s poznavanjem
položajev in hitrosti ter kemične sestave okrog 100 000 zvezd do magnitude V = 19,
članic tako starih kot mladih populacij in predelov Galaksije (tanki in debeli disk,
osrednja zgostitev, halo, razsute kopice). Opazovanja se izvajajo z osem-metrskim
teleksopom VLT-UT2 v Čilu (ESO - Evropski južni observatorij), spektre pa zajema
naprava FLAMES (Fibre Large Array Multi Element Spectrograph), ki dobiva svetlobo
preko ∼ 130 optičnih vlaken iz vidnega polja teleskopa s premerom 25 ločnih minut.
FLAMES uporablja le enega robota oziroma sistem za pozicioniranje optičnih vlaken
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ter dva ločena spektrografa GIRAFFE in UVES, od katerih v tem delu uporabljamo le
GIRAFFE in le tri njegova valovna območja: HR10 (5339–5619 Å , R=19 800), HR15N
(6470–6790 Å , R=17 000), in HR21 (8484–9001 Å , R=16 200).
B.2.2 Galah
Podobno misijo kot GES ima tudi Galah, ki je opazovanja začel leta 2014 in je pretežno
avstralski projekt z opazovanji v kraju Siding Spring v Avsraliji s štiri-metrskim Anglo-
avstralskim teleskopom (AAT), vključuje pa tudi vrsto raziskovalcev iz Evrope in
drugod. Za razumevanje nekdanjih in trenutnih struktur, ki sestavljajo našo Galaksijo,
si je Galah zastavil ambiciozen cilj pomeriti kar 29 kemičnih elementov v atmosferah
okrog 1 000 000 zvezd, s čimer bi zadovoljivo napolnil večdimenzionalen kemični
prostor, v katerem lahko opazimo združevanje v skupine s podobno sestavo in zatorej
izvorom. Za potrebe pregleda Galah je bil sestavljen tudi spektrograf Hermes (High
Efficiency and Resolution Multi-Element Spectrograph), ki je postavljen v ločeno
sobo in dobiva svetlobo preko 400 optičnih vlaken. Resolucijska moč spekrografa
je 28 000 in ima štiri valovna območja (modro, zeleno, rdeče, infra-rdeče) s središči
v 4800, 5761, 6610 in 7740 Å, pokrivajoč vse skupaj okrog 1000 Å in vključujoč Hα
ter Hβ spektralno črto. V enourni ekspoziciji spektrograf za zvezde do magnitude
V = 14 dosega signal proti šumu (SNR) okrog 100, vidno polje teleskopa pa je veliko
π kvadratnih ločnih stopinj.
B.2.3 Asiago
V okviru programa prekrivalnih dvojnic iz Asiaga (Siviero idr., 2004; Marrese idr.,
2004)je bilo v preteklih 18 letih posnetih veliko število spektrov tipa échelle in fo-
tometričnih meritev v dveh barvnih filtrih. Spektrograf échelle je nameščen na
dvo-metrski teleskop Copernicus na gori Ekar v Asiagu (Italija). Resolucijska moč
spekrografa je 20 000, valovno območje pa obsega več kot celotno vidno področje (od
3600 Å do 7400 Å). S tem teleskopom in spektrografom lahko zajemamo spektre zvezd
z magnitudami do V = 10 z visokim SNR, pa tudi šibkejše, kot je demonstrirano na
primeru dvojne zvezde Tyc 5227-1023-1 (V ∼ 11.8). Fotometrični podatki so izmerjeni
s teleskopom Schmidt-Cassegrain (D = 28 cm) opremljenim z Optec SSP5 fotometrom
(Dallaporta idr., 2002)ter z Ritchey-Cretien teleskopom (D = 30 cm) opremljenim z
SBIG ST-8 CCD kamero.
Podatki iz Asiaga so na voljo in se še dopolnjujejo za dodatnih 13 sistemov
večkratnih zvezd, ki so naslednji objekti analize predstavljene v tem delu na primeru
Tyc 5227-1023-1, za razliko od GES in Galah pa vključujejo tudi fotometrične podatke.
Primerjava le spektroskopskih lastnosti vseh treh pregledov neba je podana v Tabeli
2.1.
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B.3 Zvezde z emisijo Hα v Gaia-ESO
Znotraj GES-a smo v delovni skupini 14 (WG14) zadolženi za obravnavo nes-
tandardnih objektov oziroma v žargonu te disertacije – posebnih zvezd. Že na začetku
smo se odločili za analizo le treh valovnih območij spektrografa GIRAFFE (HR10,
HR15N, HR21) saj je v teh treh nastavitvah posneta velika večina opazovanih spektrov,
iz podobnih razlogov tukaj ne obravnavamo spektrov posnetih s spektrografom UVES,
saj je njihovo število neprimerljivo manjše. Območji HR10 in HR21 imata velik presek
opazovanih objektov (90 %), medtem ko imata vsak posamično s HR15N le okoli 10 %
skupnih objektov oziroma opazovanih tarč, ker je HR15N območje, ki vsebuje tudi
Hα spektralno črto in je posvečeno pretežno opazovanju zvezd v razsutih kopicah.
B.3.1 Posebne zvezde v GES
Več tisoč spektrov (HR10 – 16026, HR15N – 11076, HR21 – 17377) smo primerjali
z dvema setoma primerjalnih spektrov v vseh ustreznih območjih, ki so bila na
voljo za vsak spekter (HR10, HR15N in HR21). Prvi (normalni) primerjalni set
predstavlja nabor 358 spektrov iz baze sintetičnih spektrov (Munari idr., 2005), drugi
(posebni) primerjalni set pa je sestavljen iz 212 opazovanih spektrov iz baze dobro
poznanih različnih tipov posebnih zvezd (Tomasella idr., 2010). Za vsako kombinacijo
opazovanega GES spektra in primerjalnega spektra je izračunana mera podobnosti
(OC - absolutna razlika med obema spektroma normirana z dimenzijo spektra).
Izračuni so bili omejeni na območja: HR10 – 5385− 5538 Å, HR15N – 6492− 6676
Å, HR21 – 8491− 8732 Å. Zaradi težav z zanesljivostjo podanih radialnih hitrosti
GES spektrov smo za vsako primerjavo spekter premaknili za ±50 km s−1 s korakom
po 10 km s−1. Tako smo dobili 6270 vrednosti OC za vsak GES spekter, ki smo
jih razporedili po velikosti od najmanjšega (največja podobnost) do največjega in
povprečili najboljše tri iz normalnega ter najboljše tri iz posebnega primerjalnega
seta. Na koncu je imel vsak GES spekter pripisano vrednost OCsynt (podobnost z
normalnimi spektri) ter OCpec (podobnost s posebnimi spektri).
Na Sliki 3.1 je diagram, ki za HR15N nastavitev prikazuje delež spektrov ki so
bolj podobni normalnim in tistih ki so bolj podobni posebnim tipom zvezd. Rdeče
obarvane točke predstavljajo prvi izbor kandidatov posebnih zvezd, za zelo posebno
pa se je izkazalo tudi območje na desni polovici diagrama, saj spektri tam niso
podobni ne normalnim ne posebnim primerjalnim spektrom, saj vsebujejo zelo močne
emisijske črte meglic. Rezultati ostalih dveh spektrografskih nastavitev HR10 in HR21
so nakazali le minimalne delež (< 2 %) posebnih zvezd, zato se v nadaljevanju tega
poglavja osredotočimo na spektralno območje HR15N, v katerem je glavni razlog za
velik delež posebnih zvezd prav emisijska spektralna črta Hα.
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B.3.2 Uvod v analizo emissijske črte Hα
Kadar je spektralna črta Hα v emisiji oziroma ima kompleksen profil, je to indikacija
za različne procese zvezdne aktivnosti (tok snovi na zvezdo iz okoliškega diska,
zvezdni vetrovi, emisija okoliških meglic). Ker je to relativno močna spektralna črta
lahko ogrozi točnost izračunanih parametrov zvezde, po drugi strani pa nam lahko
njen profil razkrije zanimive fizikalne procese in njihovo časovno spremenljivost v
primeru več opazovanj iste zvezde. Zaradi pomembnosti te spektralne značilnosti
smo opravili sistematično analizo emisijskih profilov Hα črte in jih razvrstili v različne
kategorije, ki ne samo morfološko ampak tudi fizikalno opisujejo raznolike objekte in
procese.
Za proučevanje smo izbrali 22 035 spektrov pripadajočih 12 392 zvezdam posnetih
v prvih 22 mesecih delovanja pregleda neba GES. Posebno pozornost smo namenili
emisiji meglic, saj je le-ta ločen proces, ki ni nujno povezan z emisijo zvezd, čeprav
v spektrih pri opazovanju ne moremo takoj razločiti enega od drugega. Rezultate
morfološke klasifikacije predstavljamo v katalogu 4459 Hα emisijskih zvezd in njihovih
8846 spektrov, od česar za 7698 spektrov pripadajočih 3765 zvezdam trdimo da kažejo
intrinzično oziroma lastno emisijo. Veliko število tovrstnih objektov je pravzaprav
pričakovano, saj v tukaj uporabljenem HR15N območju opazujemo predvsem razsute
kopice, ki vsebujejo velik delež mladih zvezd, pri katerih zaradi obilice okoliške snovi
in procesov pri nastanku zvezde pogosto zaznamo tako absorpcijsko kot emisijsko
komponento spektralne črte Hα.
Profili črte Hα so lahko preprosti in gaussovske oblike, lahko pa so tudi bolj
kompleksni in vsebujejo več gaussovskih ali drugačnih komponent, odvisno od
geometrije izvora sevanja. Ponavadi bolj kompleksne profile pripisujemo zelo mladim
zvezdam, kataklizmičnim spremenljivkam, simbiotičnim zvezdam ter mnogo drugim
tipom posebnih zvezd (Hamilton idr., 2012; Kurosawa in Romanova, 2013; Biazzo idr.,
2006; Lanzafame idr., 2000). Primere nekaterih bolj zamivih profilov v tej študiji lahko
vidimo na sliki 3.3.
V nadaljevanju je opisan postopek zaznavanja emisije in fitanja gaussovskih
profilov, temu pa sledi predstavitev morfološke klasifikacije spektrov s preprosto
shemo ter časovna spremenljivost Hα profilov.
B.3.3 Fitanje gaussovskih profilov
Analizo emisijskih profilov smo izvedli na verziji spektrov v heliocentričnem sis-
temu pred odštevanjem ozadja in normalizacijo, da bi se izognili napakam pri teh
avtomatskih postopkih. Bistven prispevek ozadja predstavlja v našem primeru prav
emisija meglic, čemur smo posvetili posebno pozornost tudi s pomočjo spektrov
ozadja, katerim je namenjenih približno 10 % sprejemnikov svetlobe – optičnih vlaken
– določene opazovalne konfiguracije, ki ponavadi vsebuje 130 optičnih vlaken. Po-
razdelitev vseh opazovanih objektov je prikazana na Sliki 3.2.
Po lastni normalizaciji spektralnega območja okrog Hα črte smo spektre razdelili
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na absorpcijske in emisijske. Za to smo uporabili lastno metodo zaznave naklona
in intenzitete črte na njenem levem ter desnem robu. Od 22 035 spektrov smo
identificirali 9265 takih, kjer je emisija dominantna ali vsaj prisotna. Nekateri spektri
predstavljajo ponovljena opazovanja iste zvezde, tako da je takih unikatnih objektov
4566 od 12 392.
Po začetni zaznavi emisijskih profilov smo želeli določiti posamične absorpcijske in
emisijske komponente profilov Hα ter prispevek oziroma komponento emisije meglic.
Znano je da z več komponentami dobimo boljši približek (fit) realni opazljivki (profilu
črte), vendar pa je nesmiselno uporabiti preveč komponent oziroma parametrov saj so
med seboj degenerirani, poleg tega pa nam v primeru velikih razlik med intenzitetami
komponent miniaturne komponente ne prinesejo smiselne dodatne informacije. Da se
izognemo omenjenim težavam ter čimbolj uniformno obravnavamo vse raznovrstne
oblike profilov, smo se odločili za fitanje dveh enakovrednih absorpcijskih/emisijskih
gaussovskih komponent (g1 in g2) ter opcijske tretje (gn), ki predstavlja emisijo meglice.
Dvokomponentni fit med drugim lepo opiše emisijo s samoabsorpcijo, P-Cygni ali
obrnjen P-Cygni profil ali ozko emisijo na široki in dominantni absorpciji.
Vsak gaussovski profil je določen s tremi parametri (λi - središče gaussovke,
σi - standardni odklon, Ai - višina (amplituda) gaussovke, i = 1, 2, n). Opcijska
tretja komponenta (emisija meglice) je vključena v fit, če obstaja močna indikacija za
prisotnost emisije meglice. To indikacijo ocenimo iz prisotnosti emisijskih črt [N II]
v spektru opazovane zvezde ali pa iz prisotnosti emisije Hα v okoliških spektrih
ozadja. V obeh primerih je ta tretja komponenta omejena le na emisijo pri čemer
se njena amplituda prilagaja, njeno središče in standardni odklon pa sta določena z
[N II] ali Hα emisijo, kot je razloženo v Dodatku A.1.2. Komponenti g1 in g2 lahko
spreminjata središče in standardni odklon glede na vnaprej določen diskreten nabor
vrednosti, njuna amplituda pa se prilagaja zvezno. Po definiranju omenjenih omejitev
sledi avtomatsko fitanje vseh profilov na enak način, da dosežemo kolikor mogoče
nepristranske rezultate brez arbitrarnih odločitev oziroma posredovanj.
Najbolj osnovni rezultati avtomatskega fitanja predstavljajo devet ali šest gaussovskih
parametrov (λ1,2,n, σ1,2,n, A1,2,n), ki ustrezajo trem ali dvem komponentam, poleg tega








/(N − Nvar) (B.1)
kjer je N dimenzionalnost spektralnega vektorja, Nvar pa število vhodnih parametrov
v metodo za fitanje. V nadaljevanju odstranimo še 23 (manj kot 0.3 % vseh) spektrov,
pri katerih sta komponenti g1 in g2 obe v absorpciji, in so bili torej v koraku zaznavanja
emisije napačno identificirani.
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B.3.4 Morfološka klasifikacija
Naša morfološka klasifikacija ne temelji na fizikalnih modelih, prav zato smo izbrali
preprosto fitanje gaussovskih profilov, da lahko z majhnim naborom parametrov
(rezultatov) opišemo profile Hα črte, ki so rezultat lastne emisije in absorpcije zvezd.
Osnovnim rezultatom fitanja gaussovk sledi najprej identifikacija in razvrščanje
posamičnih komponent, opisano v Dodatku A.2, kar nam da devet unikatnih označb
za vse profile. V nadaljevanju se osredotočimo le na tiste profile, katerih označba
vsebuje dve intrinzični (zvezdi lastni, ne okoliški) komponenti: EE(N), EA(N) in
AE(N). Črke E, A ter N označujejo lastno emisijo, lastno absorpcijo ter dodatno
prisotnost emisije meglice. Označba EA npr. pomeni da je ekvivalenčna širina
oziroma ploščina emisijske komponente večja od absorpcijske, medtem ko za AE velja
ravno obratno.
V naslednjem koraku definiramo sedem klasifikacijskih kategorij, z namenom da
opažene profile čimbolje povežemo s fizikalnimi procesi, ki jih povzročajo. Sedem
predlaganih kategorij je naštetih v Tabeli 3.2, skupaj z dodatnima dvema, ki označujeta
profile s prisotnostjo le emisije meglice ali pa le ene komponente lastne emisije. V
tabeli so poleg imen kategorij tudi pogoji za njihovo določitev, ki vsebujejo tri dodatne
parametre (KEE, KCyg, Ksp). Ti dodatni parametri so kvantitativno določeni s pomočjo
opazovanj sprememb profilov pri zvezdah z več ponovljenimi opazovanji, tako da je
stabilnost kategorij, ki označujejo spektre iste zvezde, maksimalna.
Pogoji za določitev kategorij iz Tabele 3.2 s parametri KEE = 0.9, KCyg = 0.9 in
Ksp = 50 km s−1 dajejo naši klasifikacijski shemi večjo zanesljivost, če so diagonalni
elementi v Tabeli 3.3 visoki za vse kategorije. Po drugi strani pa dobimo ob močnejših
izvendiagonalnih elementih indikacijo za dejansko morfološko spremembo profilov
s časom. To pričakujemo predvsem pri zvezdah, za katere je bilo posnetih vsaj 10
spektrov, saj je bila morda tovrstna strategija opazovanja izbrana prav zaradi njihove
spremenljive narave.
S pomočjo Tabele 3.2 torej določimo klasifikacijsko kategorijo vsem 8846 spektrom.
Zadnja dva stolpca tabele podata število in delež zvezd v vsaki kategoriji, kar pa
odseva predvsem lastnosti našega preučevanega vzorca in ni mišljeno da bi predstavl-
jalo splošne lastnosti neke populacije zvezd. V nadaljevanju in na Slikah 3.4 - 3.10
sledi kratek opis skupinskih lastnosti spektrov vsake od kategorij.
Kategorija Ebl predstavlja Hα profile kjer se komponenti g1 in g2 prekrivata,
vendar sta njuni širini (standardna odklona) lahko zelo različni. Rdeča komponenta
(komponenta na strani daljših valovnih dolžin) je ponavadi na istem položaju kot
komponenta gn, kar lahko pomeni tudi da je emisija meglice dejansko prisotna vendar
ni bila vključena v fit. Modra komponenta je ponavadi šibkejša (po ploščini gaussovk)
in ožja (manjša širina), vzrok njenega odmika od sistemske komponente (gn) pa je
lahko npr. zvezdni veter oziroma tok snovi z zvezde.
Kategorija Esp opisuje profile z razmikom med komponentami od 20 do 40 km
s−1. Rdeča komponenta je podobno kot prej na položaju gn, kar lahko tudi pomeni,
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da je le modra komponenta lastna. Profili z večjim razmikom od 100 do 250 km s−1 so
označeni s kategorijo Edp. Ker so širine komponent med 25 in 100 km s−1, so vrhovi
dobro ločeni, lahko pa so med seboj zelo različni, pri čemer je porazdelitev širin in
ploščin simetrična.
Kategorija PCyg vsebuje profile z absorpcijsko in emisijsko komponento, ki spom-
injajo na dobro poznane profile P Laboda. Absorpcijska komponenta je ponavadi
šibkejša, kar je pričakovana lastnost tovrstnih profilov, ki nakazujejo neke vrste tok
snovi iz zvezde navzven (zvezdni veter). Nasprotno nam profili kategorije IPCyg
kažejo rdečo absorpcijsko komponento, ki je tudi širša, prav tako pa je razmerje
ploščin obeh komponent zelo različno. Tovrstni profili nakazujejo padanje snovi proti
zvezdi, in ena od fizikalnih interpretacij je lepo opisana tudi v Kurosawa in Romanova
(2013)na primeru nestabilne akrecije snovi pri zvezdah tipa T Bika.
Profili s samoabsorpcijo (Sabs) kažejo na poravnavo lastne emisijske komponente
in komponente emisije meglice, absorpcijska komponenta pa je lahko premaknjena
proti modrem ali rdečem delu spektra. V nekaterih primerih je tudi tukaj morda
komponenta gn nepravilno upoštevana. Zadnja kategorija Eabs nam predstavlja profile
z emisijo v absorpciji, ki je lahko tudi običajna zvezdna absorpcija v fotosferi. Ozka
emisijska komponenta je le rahlo premaknjena proti krajšim valovnim dolžinam,
zanimivo pa ima razmerje ploščin obeh lastnih komponent velik razpon, pri čemer
lahko dominira ena ali druga.
B.3.5 Časovni razvoj profilov
Poleg podatkov pridobljenih v času trajanja pregleda neba GES, v tej študiji uporabl-
jamo tudi arhivske podatke, tako da so nekateri spektri iz celotnega nabora tudi do
devet let starejši od začetka trenutnih opazovanj. V splošnem pa je obdobje med
prvim in zadnjim opazovanjem, za zvezde z več posnetimi spektri, dolgo od dveh
dni do enega leta, kar nam omogoča pregled časovnega razvoja profilov Hα za 1430
zvezd. Število ponovljenih opazovanj pa se giblje med 2 in 21 (Tabela 3.1).
Časovno spremenljivost profilov lahko najprej ocenimo na podlagi klasifikacijskih
kategorij. Od 4459 zvezd jih je 660 takšnih, da se njihovim Hα profilom klasifikacija
ne spreminja skozi čas (Slika 3.11), zato jih označimo za objekte s stabilno obliko
profila.
Druga ocena spremenljivosti je definirana na podlagi ploščine Hα profila (F),
definirane v Enačbi (A.4). Če vzamemo standardni odklon te ploščine (σF) in ga
delimo s srednjo vrednostjo (µF) za vse spektre določene zvezde, potem dobimo
nepristransko oceno spremenljivosti ploščine, katere porazdelitev vidimo na Sliki
3.12. Na tem mestu še enkrat poudarjamo, da so največji časovni razmaki med prvim
in zadnjim opazovanim spektrom poljubne zvezde krajši od enega leta, ter da ne
opazimo bistvene povezave med temi razmaki in spremenljivostjo ploščine profila.
Slika 3.12 nam prikazuje neko oceno spremenljivosti, kjer višja vrednost σF/µF
skoraj gotovo nakazuje na močno spremenljivost, medtem ko nižja vrednost še ne
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izključuje bistvenih sprememb oblike profila, saj pri tem merimo le celotno ploščino.
Kljub temu lahko napovemo, da zvezde s konstatno kategorijo ter nizko vrednostjo
σF/µF, predstavljajo objekte z majhno časovno spremenljivostjo oziroma objekte s
stabilnim profilom Hα.
V splošnem je sprememba profilov s časom in obenem tudi zanesljivost naše
klasifikacijske sheme pogojena tudi z diskretnimi pogoji, tako med identifikacijo
komponent kot pri dodeljevanju morfoloških kategorij, čemur se s tem pristopom ne
moremo izogniti. S tem povezana korelacija med posameznimi kategorijami je sicer
nakazana že v Tabeli 3.3, širše pa je opisana v Poglavju 3.4.4.
Uporaba gaussovskih profilov je le eden od načinov za opis in karakterizacijo
večkomponentnih profilov spektralne črte Hα. Metode razvite v tej študiji lahko
uporabimo tudi za druge spektralne črte, še posebej Hβ, ki sicer ni zajeta v opazo-
vanjih GES, je pa na voljo v nekaterih drugih spektroskopskih pregledih neba. V
prihodnjem poglavju pa v kontekstu projekta Galah predstavimo drugačen pristop k
odkrivanju in razvrščanju posebnih tipov zvezd.
B.4 Posebni tipi zvezd v Galah
V velikih pregledih neba, kakršen je Galah, se zbirajo neslutene količine informacij
oziroma podatkov. Cilj mnogih spektroskopskih pregledov je razumevanje življenjske
poti naše Galaksije preko tehnik galaktične arheologije, in v ta namen moramo
natančno in točno izmeriti različne lastnosti posamičnih zvezd. Ob naboru več kot
200 000 spektrov zvezd, ki v Galah-u stalno narašča, ter ob dejstvu da je projekt na
začetku svoje poti in razvoja, je zelo pomembno, da čimprej razvijemo postopke, ki
omogočajo odkrivanje napak in zanesljivost rezultatov.
Eden od ključnih postopkov pri obdelavi podatkov je nepristranski pregled nabora
spektrov, ki ga imamo na voljo. Tak pregled nam omogočajo različne matematične
tehnike strnjevanja dimenzionalnosti podatkov, ki lahko spektre zvezd preslikajo
v projekcijsko 2D ravnino, v kateri lahko proučujemo njihove skrite povezave in
identificiramo raznolike morfološke skupine. To nam omogoča klasifikacijo celotnega
seta podatkov in detekcijo raznoraznih izstopajočih značilnosti.
V tem poglavju bomo predstavili pomemben korak klasifikacije v trenutnem
avtomatskem proces obdelave podatkov v Galah, ki je bil razvit z namenom da:
(1) odkrijemo in označimo vse problematične spektre z neželjenimi vplivi tako v
fazi opazovanja kot kasneje v obdelavi podatkov, (2) identificiramo posebne tipe
zvezd, ki so zanimivi za nadaljnje študije tovrstnih objektov in (3) definiramo čist
vzorec spektrov brez posebnosti in težav, da bodo rezultati natančnih atmosferskih
parametrov in kemične sestave zvezd, ki jih v končni fazi priskrbi Galah, zanesljivi in
uspešno uporabljeni v prihodnjih študijah.
Izbrana metoda za identifikacijo vzorcev ali skupin v “prostoru značilnosti”, ki jo
uporabljamo pri klasifikaciji Galah-evih spektrov, je nenadzorovana klasifikacija s strn-
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jevanjem spektralne informacije z uporabo tehnike t–SNE (van der Maaten in Hinton,
2008). Prednost te metode napram nadzorovani klasifikaciji je v zmožnosti detekcije
različnih neznanih ali nepričakovanih morfoloških značilnosti, poleg že predhodno
pričakovanih posebnih tipov spektrov. Za več informacij o široki paleti klasifikacijskih
tehnik in rudarjenju podatkov predlagamo v branje Sharma in Johnston (2009).
V tem poglavju se osredotočimo na ∼210 000 spektrov, ki so bili posneti pred 30.
januarjem 2016 in obdelani s trenutnim avtomatskim procesom obdelave podatkov
(Kos idr., 2016). V nadaljevanju si bomo najprej ogledali postopek klasifikacije spektrov
v več korakih, nato opisali zaznane kategorije spektrov in na koncu predstavili
možnosti razširitve in uporabe opisane metode.
B.4.1 Postopek klasifikacije
Za klasifikacijo Galah spektrov smo uporabili dve neodvisni matematični metodi.
Tehnika strnjevanja dimenzij t–SNE je bila razvita pred nedavnim, algoritem DBSCAN
(Ester idr., 1996)pa je že dolgo poznana in uveljavljena metoda za detekcijo grozdov.
Obe metodi sta bili razviti in prvič uporabljeni v znanstvenem raziskovanju izven
astrofizikalnega konteksta, služita pa raznovrstnim potrebam po nenadzorovani klasi-
fikaciji in grozdenju podatkov. Naveza t–SNE/DBSCAN je bila izbrana iz širokega
nabora metod za rudarjenje podatkov, ker:
• je sposobna obravnave inherentno nelinearnih podatkov (fizika nastanka spek-
tralnih črt v fotosferah zvezd) napram tradicionalnim metodam strnjevanja
dimenzij kot npr. PCA, MDS (Multi Dimensional Scaling; Young 2013), LDA
(Linear Discriminant Analysis; Izenman 2008), CCA (Canonical Correlation
Analysis; Hotelling 193), MAF (Min/max Autocorrelation Factors; Switzer in
Green 1984),
• lahko razkrije tako lokalno kot globalno strukturo visokodimenzionalnih po-
datkov v eni projekcijski ravnini,
• olajša “problem prenatrpanosti”, ki hromi mnoge podobne nelinearne metode,
• zazna grozde v projekcijski ravnini brez predhodnega vedenja o njihovem številu
ali obliki, kot je to potrebno pri drugih tradicionalnih tehnikah grozdenja, kot
npr. K-Means (Hartigan in Wong 1979)in Gaussian Mixture Models (Marin idr.
2005).
Naštete prednosti, podrobna primerjava učinkovitosti tehnike t–SNE v van der
Maaten in Hinton (2008)ter v nadaljevanju prikazani rezultati naveze t–SNE/DBSCAN,
potrjujejo smiselnost izbire teh dveh algoritmov za klasifikacijo spektrov, čeprav ne
trdimo da je to edina ali optimalna izbira. Pred opisom korakov klasifikacije bomo
namenili nekaj besed še kratkemu opisu delovanja obeh metod.
Tehnika t–SNE najprej pretvori visokodimenzionalne vhodne podatke v matriko
parnih podobnosti. V našem primeru so te podobnosti izračunane med vsemi
147
APPENDIX B. RAZŠIRJEN POVZETEK V SLOVENSKEM JEZIKU
pari spektrov na podlagi evklidske razdalje v vektorskem prostoru, kjer je vsak
spekter lahko predstavljen z vektorjem moči svetlobe na posamezni valovni dolžini.
Metoda nato z optimalnim premikanjem točk (spektrov) v projekcijski ravnini prikaže
strukturo, ki temelji na prej izračunani podobnosti, tako da so bolj podobne točke
(spektri) bližje skupaj, zelo različne pa daleč narazen. Na ta način lahko na večjih in
manjših skalah preučujemo grozdenje spektrov z raznolikimi značilnostmi.
Metoda DBSCAN se odlikuje po zaznavanju grozdov na podlagi gostote točk.
Tako ne potrebuje nikakršnega modela za distribucijo točk znotraj grozda ali njegovo
obliko, temveč začne postopek z naključno točko in se premika naprej, iščoč točke,
ki so po kriterijih, odvisnih od dveh vnaprej določenih nastavitev metode dovolj
blizu, da še sodijo v prvi grozd. Ko takšnih točk zmanjka, metoda definira nov grozd
in nadaljuje delo. Ker so podobne podatkovne točke (spektri) v t–SNE projekcijski
ravnini po definiciji blizu skupaj in imajo torej večjo gostoto kot okolica je takšne
grozde najlažje avtomatsko označiti prav z metodo DBSCAN.
V opisu posameznih korakov v nadaljevanju predstavljamo napol avtomatski
postopek, v katerem se tehniki t–SNE in DBSCAN uporabljata iterativno za čimvečjo
učinkovitost. Uporabljeni spektri so normalizirani in premaknjeni v mirujoči sistem.
V principu bi lahko uporabili tudi bolj surove podatke, vendar pa bi bile potem glavne
prepoznane značilnosti ravno napačna umeritev valovnih dolžin, oblika nenormal-
iziranega spektra, radialne hitrosti zvezd itn. Število spektrov, ki jih uporabimo, je
209 533, v podatkovno točko oziroma vektor pa združimo praktično celoten razpon
vseh štirih valovnih območij (modro, zeleno, rdeče in infra-rdeče), tako da je dimen-
zionalnost vektorja 13 600. Pri tako visoki dimenzionalnosti in tako velikemu številu
točk (vektorjev) je računska zahtevnost kljub optimizirani verziji t–SNE relativno
velika (izračun bi trajal okrog deset dni na procesorju Intel(R) Xeon(R) 2.60GHz
CPU, ter ob porabi več kot 80GB spomina). Da celoten proces olajšamo in skrajšamo,
uporabimo naslednjo koračno shemo:
1. Prva t–SNE preslikava: izračunamo jo za celoten vzorec podatkov (209 533
spektrov), vendar uporabimo skrajšana spektralna območja (4850 − 4880 Å,
5750− 5780 Å, 6550− 6580 Å, 7730− 7760 Å). Le-ta so izbrana tako, da vključu-
jejo bolj diagnostično pomemben a enako velik razpon vsakega od štirih valovnih
območij. Dimenzionalnost vektorja je tako 2400 in slika v projekcijski ravnini je
že v tem koraku uporabna ter hkrati tudi najbolj splošna predstavitev celotnega
vzorca, čeprav smo odstranili del spektralne informacije.
2. Detekcija večjih grozdov z DBSCAN: dve vhodni nastavitvi metode DBSCAN
sta določeni tako, da čez celotno sliko prve preslikave definira le nekaj velikih
grozdov ali zbirk točk. Tako lahko izberemo tiste zbirke točk, ki predstavljajo
normalne spektre, ki se ponavadi združujejo v dveh ali treh velikih zbirkah v
katerih so parametri zvezdnih atmosfer (Teff, log g, [Fe/H]) zvezno porazdeljeni.
3. Izbira in izločanje zbirk normalnih (običajnih) spektrov: v tem koraku je
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bistven ročni poseg v klasifikacijo, saj se odločamo, katere (naši analizi) neza-
nimive (normalne) spektre izberemo, pri čemer lahko iz nadaljnje obravnave
nenamerno izločimo tudi v njej zaželjene objekte. Slika prve t–SNE preslikave z
označenimi DBSCAN zbirkami točk je vidna na Sliki 4.2. Dve največji zbirki sta
označeni s črno črtkano črto in vsebujeta 137 155 spektrov, ki so v tem koraku
zavrženi, tako da jih za nadaljnjo obravnavo ostane le še 76 938.
4. Druga t–SNE preslikava: izračunamo jo za vzorec 76 938 spektrov in zaradi
manjšega števila sedaj uporabimo poln 13 600 dimenzionalni vektor celotnih
valovnih območij (4730− 4880 Å, 5670− 5850 Å, 6500− 6710 Å, 7725− 7865 Å).
Slika preslikave je prikazana na Sliki 4.3 in je uporabljena kot osnova za našo
klasifikacijo posebnih tipov spektrov (zvezd). Struktura povezav teh spektrov, ki
je bila pri prvi preslikavi skrita v strukturi na manjših skalah, se sedaj odraža v
strukturi na veliki skali, in je tako tudi veliko bolje opazljiva, k čemur pripomore
tudi manjše število točk, kar je očitno iz primerjave Slik 4.2 in 4.3.
5. Detekcija manjših grozdov z DBSCAN: dve vhodni nastavitvi metode DB-
SCAN sta določeni tako, da v sliki druge preslikave definira manjše in goste
zbirke točk, ki predstavljajo raznolike morfološke kategorije spektrov. Po naših
izkušnjah ni mogoče najti le ene prave kombinacije vhodnih nastavitev metode
DBSCAN, tako da se za označevanje posameznih zbirk uporabi več kombinacij
(v nadaljevanju DBSCAN načinov), ki omogočajo poljubne velikosti, oblike ter
število zbirk za pregled in izbiro v naslednjem, končnem koraku.
6. Izbira bistvenih zbirk in dodelitev klasifikacijskih kategorij/oznak: v zad-
njem koraku ročno pregledamo posamične spektre v različnih zbirkah s pomočjo
našega vizualizacijskega orodja predstavljenega v Poglavju 4.6. Cilj tega koraka
je izbira pravih DBSCAN načinov in ustreznih zbirk tako, da so spektri, ki po
ročnem pregledu pripadajo eni kategoriji, čimbolj popolno vključeni v določeni
zbirki. V vsaki zbirki bo verjetno vedno prisotnih nekaj “vsiljivcev” oziroma
spektrov, ki ne pripadajo kategoriji ki je bila za izbrano zbirko določena glede
na večino vsebovanih spektrov, zato rezultati klasifikacije podajajo listo kandida-
tov za določeno kategorijo, le-tem pa v tej študiji ne dodelimo kvantitativne
verjetnosti za članstvo v svoji kategoriji. V osamljenih primerih se lahko tudi
zgodi, da se zaradi različnih DBSCAN načinov nekatere zbirke prekrivajo, tako
da so lahko posamični spektri kandidati večih kategorij naenkrat.
B.4.2 Predstavitev kategorij spektrov
V tabeli 4.1 so naštete kategorije, ki smo jih definirali s pomočjo naše klasifikacijske
sheme, ter SIMBAD klasifikacija za zvezde znotraj kategorij. Kategorije temeljijo na
peslikavi s Slike 4.3, na kateri lahko vidimo tudi porazdelitev parametrov Teff, log g in
[Fe/H], in tudi njihovo pomembnost v prostoru značilnosti, pri čemer ima Teff glavni
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vpliv na preslikavo z dokaj gladko porazdelitvijo čez celotno projekcijsko ravnino,
sledita pa mu [Fe/H] in log g, ki vplivata bolj na porazdelitev znotraj večjih in dobro
ločenih zbirk. Na sliki 4.4 vidimo označbe posameznih klasifikacijskih kategorij, od
katerih nekatere vsebujejo zelo močne značilnosti, kar pomeni da so znotraj tovrstnih
zbirk Teff, log g in [Fe/H] bolj pomešani zaradi manjše pomebnosti, poleg tega pa so
verjetno tudi napačni zaradi motnje v njihovi določitvi, ki jo povzročijo nenavadne in
močne značilnosti. V nadaljevanju so kategorije predstavljene s kratkim opisom.
Vroče zvezde (Hot stars)
Zbirka zvezd zgodnjega spektralnega tipa, s površinskimi temperaturami krepko
nad Sončevo (∼ 5800 K), z močno značilnostjo v obliki razširjenih absorpcijskih črt
Hα in Hβ. Vidna je gladka porazdelitev temperatur znotraj zbirke, vse od 6500 do
8000 K (kar je zgornja meja za določanje temperatur v procesu obdelave podatkov, glej
Kos idr., 2016). Porazdelitev kovinskosti ([Fe/H]) je prav tako gladka a pravokotna
na temperaturno, medtem ko je za logaritem površinskega gravitacijskega pospeška
bolj lisasta, pri čemer so pritlikavke bolj zgoščene v posameznih delih in orjakinje
bolj razpršene čez celotno zbirko. Primeri spektrov te kategorije so na Sliki 4.5.
Hladne orjakinje z nizko kovinskostjo (Cool metal-poor giants)
Ta zbirka na dnu preslikave vsebuje večinoma zvezde poznega spektralnega tipa,
z veliko manjšo kovinskostjo od Sonca (−4.5 < [Fe/H] < −0.5, glej Sliko 4.6) in
temperaturami od 4000 K do nekaj nad Sončevo. Zvezna porazdelitev parametra log
g potrjuje večinsko prisotnost orjakinj, določitev kategorije pa podpirajo tudi zapisi iz
SIMBAD-a.
Zvezde z molekularnimi absorpcijskimi pasovi (Stars with molecular absorp-
tion bands)
Zgornje levo področje s Slike 4.3 je dobro izolirano ter na eni strani povezano z
ostalimi zvezdami poznega spektralnega tipa. Vsebuje zelo hladne zvezde s pričako-
vanimi močnimi molekularnimi pasovi, na čisto levem koncu zbirke pa vidimo do
kakšnih težav pride pri določanju parametrov posebnih zvezd, saj imajo nekateri
spektri močno previsoko določeno temperaturo (nad 6500 K). Zniževanje intenzitete
absorpcijskih pasov sledi smeri od tega skrajnega levega dela zbirke do večjega po-
dročja hladnejših zvezd na desni strani (ustrezajoči primeri spektrov so od zgoraj
navzdol na Sliki 4.7). Tudi druga dva atmosferska parametra v tej zbirki sta lahko
narobe določena, saj je problem izgradnje sintetičnih spektrov za fitanje tovrstnih
zvezd dobro znan.
Dvojne zvezde (Binary stars)
V tej zbirki večkratnih zvezd prevladujejo spektroskopske dvojnice tipa SB2 (z
razločenimi dvojnimi črtami), razdeljene pa so v dve podolgovati področji znotraj
zbirke. Razlika med njima je v tem, ali je po ekvivalenčni širini (EW) močnejša rdeča
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ali modra komponenta dvojnih črt, kar fizikalno ni bistveno, je pa morfološko zelo
pomembno. Po daljši dimenziji teh dveh področij pa opazimo zvezno porazdelitev
glede na razmik med obema komponentama, vse od skoraj prekritih komponent
pa do takih z razmikom do 150 kms−1. Primeri spektrov v tej zbirki so na Sliki 4.8.
Zgornji spekter pripada zvezdi tipa W Uma, nadalje pa so spektri razvršečni glede na
razmik obeh komponent. Le nekaj zvezd ima indikacijo dvojnosti glede na podatke iz
SIMBAD-a, ostali so torej novi kandidati večkratnih zvezd glede na to bazo.
Kratka statistika razmika komponent M vorb in razmerja ekvivalenčnih širin α (EW
šibkejše sekundarne zvezde proti EW svetlejše primarne) je predstavljena na pod-
lagi meritev z dvodimenzionalno korelacijsko metodo TODCOR (Zucker in Mazeh,
1994)na modrem, zelenem in rdečem valovnem območju z uporabo le enega sin-
tetičnega spektra Sončevih lastnosti (Teff = 6000 K, log g = 4.5, [Fe/H] = 0, vstep = 0.5
kms−1). Rezultati na Slikah 4.9 in 4.10 so torej le grobe ocene izmerjenih parametrov
in odsevajo preprostost uporabljene metode. Klub temu opazimo, da je za večino
dvojnih sistemov v tej zbirki EW svetlejše komponente približno 4-krat večja od šibke-
jše, porazdelitev razmika obeh komponent pa ima vrh pri približno 25 kms−1, pri
čemer poudarjamo, da so najmanjši razmiki zaznani do ∼ 10 kms−1, kar je razvidno
iz desnega histograma na Sliki 4.10.
Število spektrov v tej zbirki je okoli 2000, kar predstavlja približno 1 % prouče-
vanega vzorca Galah spektrov. Ta številka pa se zveča z rezultati specifične klasifikacije
opisane v Poglavju 4.5 in zaradi omejitve števila naštetih detekcij v Tabeli 4.1 ter
4.3 zaradi politike objave v projektu Galah. Vse skupaj torej v tej študiji zaznamo
okoli 4000 kandidatov za spektroskopske dvojnice. Realno je število tovrstnih mor-
foloških in fizikalnih tipov spektrov veliko večje, saj zaznavo otežuje mnogo vplivov:
močno prekrite dvojne črte, izločitev potencialnih kandidatov v tretjem koraku naše
klasifikacijske sheme ali klasifikacija tovrstnih spektrov v kategorijo Problematični
zaradi poljubne značilnosti, ki je bolj vplivna od dvojnih spektralnih črt. Po simulaciji
iz Matijevič idr. (2010)bi morala biti za primer RAVE spektrov (bližnje infra-rdeče
območje, SNR ∼ 45, R ∼ 7500) mejna zaznava razmika črt 4vorb ≈ 50 kms−1. To
pomeni da je ta meja za Galah precej nižja (kot nakazuje Slika 4.10) zaradi boljše
resolucijske moči spektrografa in višjega SNR, kar omogoča boljšo zaznavo sistemov
z večjimi orbitalnimi periodami.
Detekcijo sistemov SB2 v tej študiji lahko primerjamo s podobnim delom v pre-
gledu neba RAVE (Matijevič idr., 2010)ter GES (Merle idr., 2017). Avtorja vsak na svoj
način uporabljata korelacijsko tehniko na opazovanih spektrih zvezd, s čimer zaznata
∼ 0.5 % dvojnic v RAVE in ∼ 0.7 % v GES. Našemu delu podobna študija s spektri
projekta RAVE, ki uporablja nelinearno tehniko LLE (Matijevič idr., 2012), zazna delež
dvojnic od 0.5 do 1 %. Navedeni deleži potrjujejo predpostavko o boljši zaznavi SB2
sistemov zaradi višjega SNR in resolucijske moči spektrografa, ter večjo učinkovitost
pri ločevanju raznolikih klasifikacijskih kategorij s pomočjo nenadzorovanih nelin-
earnih tehnik strnjevanja dimenzij. Poudarjamo, da se 2 % zaznavo kandidatov SB2
lahko izboljša s prilagoditvijo valovnih območij spektrov in drugih parametrov naše
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klasifikacijske sheme.
Hα/Hβ emisija (Hα/Hβ emission)
Spektri emisijskih zvezd pogosto vsebujejo kompleksne profile spektralnih črt Hα
in Hβ, kot je razloženo že v Poglavju B.3. V tej zbirki so spektri z raznolikimi profili
zbrani skupaj, saj jih je relativno malo in niso dobro ločeni v preslikavi na sliki 4.4.
Emisija črte Hα je skoraj vedno prisotna, pogosto pa je podobna oblika profila vidna
tudi v črti Hβ. V nekaterih primerih so jasno vidni tudi molekularni absorpcijski
pasovi in karakteristična litijeva absorpcijska črta, skupaj nakazujoč na hladne, mlade
in aktivne zvezde. Primeri spektrov te kategorije so na Sliki 4.11.
Problematični spektri (Problematic)
Ta zbirka je zelo raznolika in združuje spektre, na katerih so obdelava podatkov
ali opazovalne razmere pustili nezaželjene odtise oziroma značilnosti. Emisijske špice
(5352 spektrov) so prisotne večinoma v infra-rdečem območju in včasih šibkeje tudi v
rdečem. Ozka podolgovata območja na levem in desnem delu preslikave vsebujejo
spektre z večinoma eno močno emisijsko špico (9599) v infra-rdečem. Problem pri
normalizaciji spektrov povzroči nihajoč kontinuum (2025) v rdečem območju. Negativne
vrednosti (2078) v spektru so najpogostejše v infra-rdečem, sledijo pa modro in rdeče
valovno območje, vzrok pa je verjetno pretirano odštevanje ozadja med obdelavo
podatkov. Primeri spektrov so na Sliki 4.12. Večina spektrov v tej kategoriji je razen
naštetih posebnosti običajnih, avtomatska zaznava opisanih problemov pa je zelo
koristna za iterativni razvoj celotnega procesa obdelave podatkov (Kos idr., 2016.
B.4.3 Razširitev klasifikacije in uporabnosti postopka
V Poglavju 4.5 opisujemo tudi specifično klasifikacijo temelječo na preslikavi z dru-
gačnimi parametri t–SNE in DBSCAN metode ter spektralnimi območji, omejenimi
v skladu z iskanjem zvezd v njihovih zgodnjih fazah razvoja (Žerjal idr., 2013), pri
katerih so značilnosti v spektralnih črtah Hα, Hβ in 7Li zelo diagnostične za njihovo
aktivnost (Soderblom, 2010; Jeffries, 2014).
V primerjavi z zgoraj opisano splošno klasifikacijo najdemo dodatne kandidate
v kategorijah dvojnih zvezd (522), problematičnih spektrov z nihajočim kontinuumom
(665) ter emisijo Hα/Hβ (868). Dodatno pa lahko zadnjo kategorijo razdelimo na štiri
posamične: Hα/Hβ emisija (slabo ločeni raznoliki emisijski profili), Hα/Hβ emisija v
absorpciji, Hα/Hβ profil P Laboda in Hα/Hβ obrnjen profil P Laboda.
Nova kategorija litijeva absorpcija vsebuje spektre z različnimi EW spektralne črte
7Li, od šibkih do zelo močnih absorpcij, kot je razvidno s Slike 4.15. Kategorije
te specifične klasifikacije so prikazane v Tabeli 4.3, SIMBAD zapisi zvezd v teh
kategorijah pa tudi potrjujejo njihovo določitev.
Opisani splošna in specifična klasifikacija sta bili bistveno olajšani s podporo
vizualnega vmesnika Raziskovalec spektrov Galah, ki je bil razvit kot interaktivna
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spletna aplikacija za potrebe projekta Galah. Prikazuje prostor značilnosti oziroma
t–SNE preslikavo Galah-evih spektrov, ob tem pa nudi mnogo funkcionalnosti:
Šestkotno razdeljeno projekcijsko ravnino , kjer je vsak del pobarvan glede na
povprečje izbranega parametra za vsebovane spektre,
Povečano območje izbranega šestkotnika z barvno označenimi posameznimi točkami
in možnostjo razvrščanja po vrednosti izbranega parametra,
Seznam parametrov (npr. Teff, log g in [Fe/H]) za izbiro ter koristne povezave za
vsak spekter (zvezdo) na bazi SIMBAD in Vizier,
Območje grafov , kjer so narisani povprečni spektri za določen šestkotnik, deviacija
teh spektrov od povprečja ter posamični spektri,
Iskalno območje kjer uporabnik lahko poišče željen spekter oziroma zvezdo glede
na možne oznake iz baze spektrov, nato pa se spekter avtomatsko prikaže tako
z lokacijo točke v projekcijski ravnini kot na grafih.
Naštete funkcionalnosti uporabniku omogočajo iskanje in raziskovanje poljubnega
spektra in njegove okolice oziroma najbližjih (najbolj podobnih) sosedov. Raziskovalec
spektrov Galah omogoča vključitev različnih t–SNE preslikav in DBSCAN načinov in
enostaven preklop med njimi, kar služi tudi za primerjavo razvrstitve določenega
objekta v kontekstu različnih klasifikacijskih pristopov, kot sta naprimer zgoraj opisani
splošna in specifična klasifikacija.
B.5 Dvojni sistem Tyc 5227-1023-1
V tem poglavju predstavljamo sistem dveh zvezd, ki krožita okrog skupnega
težišča, ter se pri tem tudi prekrijeta glede na smer našega pogleda. Tyc 5227-1023-1
je torej prekrivalna spektroskopska dvojnica in zato spada med posebne tipe zvezd,
katere smo predstavili že v prejšnjih poglavjih. Poleg tega je bila osnovna motivacija
za podrobno analizo tega sistema predpostavka, da je lahko član Vodnarjevega toka
(Williams idr., 2011), ene izmed starodavnih struktur oziroma skupin zvezd, ki
sestavljajo Galaksijo vendar so v njej danes prostorsko razpršene. To dvojni sistem
Tyc 5227-1023-1 močno povezuje z galaktično arheologijo, ki je glavni namen velikih
pregledov neba kot sta GES in Galah, saj lahko med drugim natančno določimo
razdaljo, kjer se nahaja, in njegovo sestavo ter s tem bistveno prispevamo k poznavanju
dinamike in sestave Vodnarjevega toka, katerega zanesljive in dobro raziskane člane
lahko preštejemo na prste rok (Wylie-de Boer idr., 2012).
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B.5.1 Uvod in motivacija
Zvezde se pogosto združujejo v dvojne in večkratne sisteme (Duquennoy in Mayor,
1991; Abt in Willmarth, 1999; Sommariva idr., 2009; Raghavan idr., 2010; Postnov in
Yungelson, 2014), zato jih najdemo v vseh delih Hertzsprung-Russell (HR) diagrama,
oziroma v raznolikih zvezdnih populacijah. Z njihovim preučevanjem lahko zelo
natančno izmerimo najpomembnejše lastnosti zvezd, kot so mase, polmeri, temper-
ature, svetlosti in razdalje (Munari idr., 2004; Torres idr., 2010; Brogaard idr., 2011,
2012). To nam omogoča boljše poznavanje strukture galaksij in pomembno testiranje
teoretičnih modelov zvezdnega razvoja (Andersen, 1991; Lastennet in Valls-Gabaud,
2002).
V eni od Galaktičnih struktur, Vodnarjevem toku, smo pri iskanju kandidatov
za člane toka med spremenljivimi zvezdami tipa RR Lire (Munari idr., 2014a)odkrili
fotometrično spremenljivost tukaj predstavljenega sistema Tyc 5227-1023-1 (RA: 22
00 52.6 DEC: −03 42 12.4, J2000; Munari idr., 2014b). Ob začetnem pregledu se je
izkazalo, da je ta dvojnica prekrivalna spektroskopska dvojnica z nizko kovinskostjo,
kar je takoj vzpodbudilo podrobno analizo, ki jo predstavljamo. Ker so trenutne
razdalje za člane Vodnarjevega toka le grobe ocene, je nujno potrebno, da pridobimo
nove zanesljive razdalje, s čimer lahko rekonstruiramo obliko in gibanje tega toka,
poleg tega pa preverimo lastnosti Galaktičnega gravitacijskega potencialna v Sončevi
okolici. Dodatno je treba omeniti, da so dvojni sistemi višjih galaktičnih širin z
nizko kovinskostjo in natančno izmerjenimi lastnostmi redki, kar je že velik razlog za
preučevanje Tyc 5227-1023-1.
B.5.2 Pridobivanje in obdelava podatkov
Fotometrične meritve smo pridobili v dveh filtrih, Landolt V in SLOAN i′. Podatki
so prikazani v Tabeli 5.1, kjer so navedene natančnosti dobljene iz kombinacije
napak meritev in transformacije iz merilnega fotometričnega sistema v standardnega
(Henden idr., 2012; Munari idr., 2014b), kalibriranega napram standardom iz Landolt
(2009) ter Smith idr. (2002). Meritve so bile opravljene s tehniko aperturne fotometrije,
brez fitanja profila zvezde, saj ni bilo prisotnih bližnjih motečih (kontaminirajočih)
zvezd.
Spektre sistema Tyc 5227-1023-1 smo pridobili v letih 2015–2016 s spektrografom
échelle na 1.82 metrskem teleskopu postavljenim na gori Ekar v Asiagu. Način
opazovanja in nastavitve spektrografa so opisane v Siviero idr. (2004), spektri pa
obsegajo valovno območje 3600− 7400 Å v 30 redovih pri resolucijski moči spektro-
grafa 20 000. Dnevnik opazovanj za 26 spektrov je prikazan v Tabeli 5.2. Prvi spekter
v dnevniku je bil posnet praktično ob fazi 0 (v nadaljevanju PH0 spekter) oziroma
ob primarnem mrku sistema, ko temnejša od obeh komponent prekrije svetlejšo.
Spektri so bili obdelani s standardnim postopkom z uporabo programskega paketa
IRAF. Umeritev valovnih dolžin je bila opravljena na vseh redovih échelle spektra s
povprečno natančnostjo 0.32 km s−1.
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Sistemska hitrost oziroma radilana hitrost gibanja težišča Tyc 5227-1023-1 je izmer-
jena posamično na 22 redovih PH0 spektra s pomočjo korelacijske metode fxcor
(IRAF) in sintetičnim spektrom, ki ustreza spektralnemu tipu naše dvojnice iz Munari
idr. (2005). Povprečje 22 vrednosti znaša −62.47 km s−1, standardni odklon pa 2
km s−1. Za izračun radialnih hitrosti obeh zvezd (komponent sistema) v preostalih
spektrih uporabimo metodo TODCOR. Tudi tukaj uporabimo 22 échelle redov ki
obsegajo območje 4000− 6700 Å . Za boljšo kvaliteto rezultata dodatno od vsakega
posamičnega reda odstranimo 25 % spektralne informacije na levem in desnem robu,
saj so to v bistvu prekrivalna območja med redovi, ki imajo slabše lastnosti: (1) slabša
kvaliteta umeritve valovne dolžine, (2) nižji SNR in (3) bolj strm kontinuum, pri čemer
je normalizacija otežena. Namesto sintetičnega je v metodi TODCOR uporabljen PH0
spekter.
B.5.3 Atmosferska in orbitalna analiza
Dvojni sistem smo modelirali s programskim paketom PHOEBE 0.31 (Prša in Zwitter,
2005a,b), ki temelji na modelih opisanih v Wilson in Devinney (1971)ter Wilson (1979).
Končni rezultat je pridobljen po principu Bayesianske analize z uporabo Monte
Carlo algoritma MCMC (Foreman-Mackey idr., 2013). V vsakem koraku preiskovanja
parametrskega prostora je PHOEBE izračunal model dvojnega sistema na podlagi
spektroskopskih (RV krivulja) in fotometričnih (svetlobna krivulja) podatkov, medtem
ko je bila kovinskost določena z atmosfersko analizo. Po konvergenci parametrov z
MCMC postopkom smo dobili končni PHOEBE model oziroma rešitev, le-tega pa
smo primerjali tudi z rešitvijo za različne predpostavke o robni zatemnitvi in prav
tako za variacijo kovinskosti [M/H]=[M/H]fixed ± 0.2, pri čemer smo ugotovili da se
rešitve ujemajo znotraj točnosti končnih parametrov (mase, polmerov, itn.).
Pred modeliranjem sistema s PHOEBE smo določili efektivno temperaturo pri-
marne (svetlejše) zvezde (Teff = 6350 K) iz fotometričnih podatkov, kot je razloženo
v Poglavju 5.3.2, pri čemer smo točnost določitve ocenili na ±200 K. V PHOEBE
izračunu se tako prilagaja razmerje med temperaturo primarne in sekundarne zvezde.
Ta temperatura je bila uporabljena tudi v atmosferski analizi, v kateri smo s pomočjo
baze sintetičnih spektrov ugotovili najboljše ujemanje za izbrana dva spektra (56953
in 56836 iz Tabele 5.2) blizu kvadrature. Medzvezdna pordečitev, ki jo uporabimo
pri določitvi Teff primarne zvezde je izračunana na podlagi statističnega pristopa
opisanega v Munari idr. (2014c), ki še posebej ustreza območju Vodnarja, s čimer
dobimo barvni presežek EB−V = 0.053. Za razdaljo (496 ± 35) do dvozvezdja upošte-
vamo tako pordečitev kot tudi bolometrični popravek za primarno (BC1 = −0.006)
in sekundarno (BC2 = −0.052) zvezdo, izračuna pa se skupaj z ostalimi parametri v
MCMC/PHOEBE postopku.
Zaradi relativno nizkega SNR naših opazovanih spektrov s fitanjem sintetičnih
spektrov ne moremo razrešiti degeneracije atmosferskih parametrov, lahko pa s
predhodno določitvijo Teff primarne zvezde dobimo tudi Teff sekundarne zvezde
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(5923 ±73) ter skupno kovinskost (-0.63 ±0.02), poleg tega smo potrdili tudi boljše
ujemanje s sintetičnimi spektri ob nastavku vrtilnih hitrosti obeh zvezd, ki so sinhrone
z orbitalno periodo. Za fitanje sintetičnih spektrov smo uporabili mrežo vrednosti
za temperaturo sekundarne zvezde ter za kovinskost (Tkorak = 10 K, [M/H]korak =
0.05). Razmerje svetlosti obeh zvezd (L2/L1 = 0.38) ter parameter log g za pripravo
sintetičnih spektrov smo dobili iz PHOEBE modela, kar pomeni da smo tako PHOEBE
izračun kot atmosfersko analizo izvajali iterativno.
Končne vrednosti parametrov modela PHOEBE in atmosferske analize so podane
v Tabeli 5.3, model pa je skupaj z opazovalnimi podatki viden na Sliki 5.1. Vsi
parametri sistema Tyc 5227-1023-1 so s PHOEBE rešitvijo dobro določeni, pri čemer
imata masi obeh komponent formalne točnosti 1.7 in 1.5 %, polmera pa 0.8 in 1.1 %.
Vrtilne hitrosti primarne in sekundarne zvezde sta s predpostavko sinhronosti z
orbitalno periodo 16.3 in 11.5 km s−1. Efektivna temperatura sekundarne zvezde
(T2 = 5947 K) se dobro ujema s tisto iz atmosferske analize (4T2 = 24 K). Porazdelitve
parametrov iz postopka MCMC, iz katerih je določena končna vrednost (mediana) in
njihova točnost (16-ti in 84-ti percentil) v prvem delu Tabele 5.3, je prikazana na Sliki
5.2 za izbor najbolj zanimivih parametrov in njihovih korelacij.
Lastnosti dvojnega sistema Tyc 5227-1023-1 smo primerjali tudi s teoretičnimi
modeli zvezdne evolucije iz Padove (Bressan idr., 2012; Tang idr., 2014). Položaj obeh
komponent na grafu svetlosti (L) proti efektivni temperaturi (Teff) je viden na Sliki
5.3, kjer je narisana primerjava z izohronami in evolucijskimi krivuljami primerljivimi
z masami in kovinskostjo obeh komponent (0.96 in 0.84 M, [M/H] = log Z/Z
= −0.63, kjer je Z = 0.0035 in Z = 0.0152). Evolucijske krivulje so pridobljene z
linearno interpolacijo na mreži modelov izračunanih v Padovi. Ujemanje našega
modela oziroma rešitve s teoretičnimi modeli iz Padove predvideva starost obeh
zvezd približno 7 milijard let.
B.6 Zaključki in prihodnje študije
Ob kopičenju ogromnih količin opazovalnih podatkov v velikih pregledih neba
kot sta GES in Galah je bistveno, da identificiramo tiste, ki jih želimo takoj uporabiti
za doseganje osnovnega namena projekta ter druge, pri katerih smo našli značilnosti,
ki kažejo na probleme pri obdelavi podatkov ali opazovanjih, ali pa samo izražajo
posebno naravo opazovanih zvezd. V tem delu pokažemo, da je takih posebnih
spektrov lahko relativno veliko. V primeru projekta GES smo kar 36.8 % proučevanega
vzorca zvezd morfološko razvrstili v različne kategorije Hα emisijskih objektov, v
Galah pa smo 14.8 % proučevanega vzorca spektrov razvrstili v različne kategorije
posebnosti, od problematičnih do tistih ki predstavljajo posebne tipe zvezd. V obeh
primerih razvite metode za klasifikacijo spektrov lahko uporabljamo ločeno ali skupaj,
ter jih lahko razširimo na druga valovna območja, dodatne spektralne črte, oziroma
na mnoge druge nabore podatkov v različnih pregledih neba.
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Število identificiranih kandidatov za spektroskopske dvojne zvezde v Galah
potrjuje predpostavko, da lahko z boljšo resolucijsko močjo spektrografa zaznamo
več dvojnic z daljšimi periodami, dodatno pa lahko tukaj prikazano 2 % detekcijo
izboljšamo z bolj osredotočeno izbiro proučevanega spektralnega območja ter nas-
tavitvijo parametrov naše klasifikacijske metode. Analiza prekrivalnega dvojnega
sistema Tyc 5227-1023-1 ni potrdila članstva v Vodnarjevem toku, kljub temu smo
parametre obeh zvezd določili z visoko natančnostjo, iz analize kovinskosti in in-
dikacije prisotnosti alfa elementov ter gibanja tega sistema pa ugotovili, da gre
verjetno za pripadnika debelega diska na zelo ekscentrični orbiti (e ≈ 0.77, i ≈ 7◦).
Osnovni rezultat te disertacije so tudi javno dostopni podatki v obliki dveh velikih
katalogov posebnih tipov zvezd (Poglavje A.4 in A.5) ter lastnosti dvojnega sistema
Tyc 5227-1023-1 (Tabela 5.3). Ta nabor rezultatov je lahko uporaben tako za osnovo
prihodnjih študij posebnih tipov zvezd, kot za izboljšavo obravnave podatkov v GES
in Galah, poleg tega pa smo obenem razvili nove postopke in orodja, ki se lahko
uporabljajo na tukaj opisanih spektrih zvezd, kot tudi v mnogih drugih projektih
z drugačnimi tipi opazljivk, še posebej v velikih pregledih neba, ki so trenutno še
v razvoju, vendar bodo v prihodnosti prinašali vedno večje količine opazovalnih
podatkov.
Nadaljnje študije z diagnostično metodo razvito za klasificiranje Hα emisijskih
objektov lahko izboljšamo in razširimo: (1) s povečanim naborom ponovljenih opa-
zovanj iste zvezde, (2) s proučevanjem spremenljivosti kontinuuma, (3) z analizo
svetlobnih krivulj s širokega območja (SED) s pomočjo VOSA (Bayo idr., 2008), (4) z
bolj podrobno opazovano in modelirano emisijo meglic ter (5) z vključitvijo spektralne
črte Hβ, ki jo poleg Hα črte vsebujejo spektri Galah.
Za klasifikacijo spektrov Galah smo predstavili navezo t–SNE/DBSCAN tehnik,
ki pa jo je potrebno še izboljšati zaradi naraščajočega števila podatkov in njihove
dimenzije, saj le-to narekuje čas in zahtevnost izračunov, to pa nameravamo doseči
s paralelizacijo kode t–SNE. Prav tako v trenutno predstavljenem postopku ne up-
oštevamo kvalitete posameznih spektrov (SNR), kar lahko dodatno vključimo kot je
razloženo v Kos idr. (v pripravi).
Študija za podrobnejšo analizo v tej disertaciji odkritih SB2 sistemov in izboljšano
detekcijo le-teh je v pripravi, prav tako pa se algoritem t–SNE pospešeno uveljavlja
tudi na drugih področjih astronomije. Eden tak primer je iskanje zvezd “dvojnic”
(Jofre idr., 2017), kar nam bo mogočilo napredek v umeritvi razdalj v vesolju z
določitvijo razdalj do zvezd v polju (Jofré idr., 2015). Drug primer študije v projektu
Galah (Kos idr., v pripravi)uporablja za vhodne vektorje v metodo t–SNE kemične
zastopanosti elementov v atmosferah zvezd, s čimer demonstrirajo uporabnost metode
za določevanje članstva zvezd v zvezdnih kopicah, poleg tega pa so odkrili tudi novega
kandidata za člana kopice Plejade.
Sistem Tyc 5227-1023-1 se je zaradi nizke kovinskosti in indikacije povečane
zastopanosti alfa elementov (Mg, Si, Ti, itn.) ter svoje ekscentrične orbite izkazal
za zanimivega za nadljnje preučevanje, s čimer bi radi natančno izmerili in potrdili
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efektivne temperature obeh zvezd, kovinskosti ter zastopanosti ostalih kemičnih
elementov, ter s tem preverili razvojno stopnjo obeh komponent, saj je od te odvisna
tudi prisotnost in razmerje kemičnih elementov v zvezdni atmosferi ter njihovo
mešanje v notranjosti zvezde. S tukaj predstavljenim Tyc 5227-1023-1 in preostalimi
13 sistemi, opazovanimi v pregledu neba Asiago, bomo tako lahko preverili in določili
parametre teorije MLT (mixing length theory), ki se kljub svojim pomankljivostim
uporablja v modelih zvezdne evolucije (Fernandes, 2013; Meng in Zhang, 2014). Bolj
kvalitetne in visokoločljivostne spektre nameravamo pridobiti na enem močnejših
teleskopov in spektrografov, npr. s teleskopom TNG (Telescopio Nazionale Galileo),
ki uporablja échelle spektrograf HARPS-N (High Accuracy Radial velocity Planet
Searcher in North hemisphere).
Pred začetkom analize preostalih 13 sistemov dvojnih ali večkratnih zvezd (Poglavje
B.2.3) bomo programski paket PHOEBE dopolnili s funkcionalnostjo barvne omejitve
(color constraining), ki še ni implementirana. Ena od pomankljivosti analiz dvojnih
sistemov tako v tem delu kot tudi v splošnem v literaturi je namreč v tem, da moramo
najprej preko zunanjih metod določiti temperaturo ene od zvezd v dvojnem sistemu,
drugo pa potem dobimo z modelsko rešitvijo. Vkolikor pa imamo na voljo svetlobno
krivuljo v dveh standardnih filtrih, lahko v modelu izračunamo obe temperaturi
hkrati, kot je razloženo v Prša in Zwitter, 2005a.
Pričujoča disertacija predstavlja prvo študijo tipov posebnih zvezd na tako ve-
likem vzorcu kot so detetisoči in stotisoči spektrov v GES in Galah. V primeru
študije spektrov Galah se tudi ne omejimo na posamezne tipe posebnosti, marveč
obravnavamo celotne spektre kolikor je mogoče nepristransko in jih tako morfološko
klasificiramo neodisno od fizikalnih modelov ali drugih predpostavk. Poleg tega
doprinosa k razumevanju astronomskih opazovanj v dobi znanstvenega preučevanja
ogromnih količin podatkov (big-data science), je en del te disertacije posvečen tudi
odkrivanju lastnosti prekrivalne spektroskopske dvojnice Tyc 5227-1023-1 – poseb-
nega tipa zvezde – s pristopom Bayesianske analize in uporabe tehnike MCMC, kar v
zadnjih letih vse bolj postaja standardni način obravnave in interpretacije podatkov v
večini znanstvenih disciplin.
V novi dobi astronomije smo priča sistematični izboljšavi fotometričnih in spek-
troskopskih opazovanj tako s površine Zemlje kot iz vesolja, zahvaljujoč tudi iskanju
planetov drugih osončij. Preboj v prejšnjem odstavku opisanih pristopov k pravilni
obravnavi meritev, fizikalnih predpostavk modelov ter končnih zanesljivosti rezulta-
tov, skupaj z orodji za strnjevanje dimenzij ogromnih količin podatkov, tlakuje pot
novim dognanjem in razumevanju nastanka ter življenja zvezd in galaksij.
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Izjava o avtorstvu in objavi elektronske oblike
Izjavljam:
— da sem doktorsko disertacijo z naslovom Study of peculiar stars and detached
binary systems oziroma Študija posebnih tipov zvezd in sistemov ločenih dvojnih zvezd
izdelal kot rezultat lastnega raziskovalnega dela pod mentorstvom prof. dr.
Tomaža Zwittra,
— da je elektronska oblika dela identična s tiskano obliko in
— da Fakulteti za matematiko in fiziko Univerze v Ljubljani dovoljujem objavo
elektronske oblike svojega dela na spletnih straneh Repozitorija Univerze v
Ljubljani.
Ljubljana, dne 18. 7. 2017 Podpis:

